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SECTION  I 
INTRODUCTION 


The  Naval  Air  Systems  Command,  Department  of  the  Navy,  has  established  a 
long  range  goal  of  providing  aircraft  fuel  systems  with  as  few  moving  parts  as 
possible.  As  a  result,  a  Research  and  Development  contract  NOw  66-0602-c 
was  awarded  to  the  Douglas  Aircraft  Company  to  develop  and  test  an  Ejector 
Pump  Engine  Fuel  Feed  System  to  supply  fuel  to  the  engine  at  a  rate  up  to 
70,  000  pounds  per  hour,  at  altitudes  up  to  60,  000  feet  and  under  various 
gravity  conditions  as  specified  in  the  contract. 

An  ejector  pump  is  a  device  by  which  a  fluid  stream  may  be  pumped  by  the 
action  of  a  high  velocity  jet  of  a  second  fluid  stream.  The  pumping  action  is 
a  result  of  a  transfer  of  momentum  from  the  jet  fluid  to  the  fluid  being  pumped. 
The  use  of  ejector  pumps  in  the  past  has  been  limited  to  transfer  applications 
and  relatively  low  flow  rates  and  pressures.  It  is  expected  that  the  next 
application  of  ejector  pumps  will  be  to  replace  the  aircraft  booster  pump  in 
aircraft  such  as  the  F-4,  A-5  or  the  F-lll.  Requirements  may  consist  of 
large  fuel  flows,  two  stage  fuel  flow  for  main  engine  and  afterburner  operation 
or  high  fuel  temperatures  of  approximately  +200°F.  Sufficient  research  has 
been  done  to  design  a  system  to  satisfy  these  conditions. 

Negative  and  zero  gravity  conditions  require  special  methods  for  maintaining 
a  continuous  supply  of  fuel  at  the  inlet  to  the  fuel  boost  pump.  This  program 
has  studied  a  means  of  introducing  an  artificial  gravity  force  to  maintain  the 
fuel  at  the  wall  of  the  tank  for  pickup  to  supply  the  pump. 


SECTION  II 

DESIGN  REQUIREMENTS 


The  contract  specifies  that  an  ejector  pump  engine  fuel  feed  system  shall  be 
developed  for  a  single  tank  with  dual  engine  feed  provisions. 

The  system  shall  be  capable  of  supplying  fuel  to  both  engines  under  the 
following  conditions: 

•  Fuel  flow  rates  as  shown  in  Figure  1. 


FIGURE  1.  FUEL.  FLOW  RATES  FOR  VARIOUS  ALTITUDES 

Maximum  allowable  pressure  drop  through  the  fuel  feed  line  as 
shown  in  Figure  2. 
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FUEL  FLOW  (1000  POUNDS/HOUR) 


•  Fuel  temperatures  from  a  maximum  of  +200°F  down  to  -65°F,  or  to 
a  temperature  corresponding  to  a  fuel  viscosity  of  12  centistokes. 

•  Fuel  at  the  inlet  of  the  engine  driven  pumps  at  pressures  between 

30  psi  (relative  to  atmosphere)  and  5  psi  plus  true  vapor  pressure  of 
the  fuel  and  vapor-liquid  ratios  of  not  more  than  0.45. 

•  All  normal  flight  attitudes. 

•  Altitudes  from  sea  level  to  60,000  feet. 

•  Flight  operations  under  negative  Ig  for  60  seconds. 

•  Flight  operations  under  zero  g  for  30  seconds. 

•  A  horizontal  loading  during  catapult  of  7g's  minimum  to  8g's 
maximum.  A  horizontal  loading  during  arrested  landing  of  4g's 
minimum  to  5g's  maximum. 

The  following  ground  rules  were  established  at  the  beginning  of  the  program 
with  regard  to  fuel  flow  and  fuel  temperature: 

•  The  fuel  flow  as  shown  in  Figure  1  was  made  up  of  two  components, 
main  engine  fuel  flow  and  afterburner  fuel  flow.  The  proportional 
division  is  shown  in  Figure  3. 

•  A  single  ejector  pump  must  provide  two  engine  fuel  flow  for 
maximum  main  engine  power,  but  need  supply  fuel  flow  for  operating 
with  only  one  engine  afterburner. 

•  The  fuel  temperature  in  the  tank  will  be  a  maximum  of  +135°F  and 
heat  inputs  between  the  ejector  pump  and  the  engine  inlet  will  raise 
the  fuel  temperature  at  the  engine  inlet  to  +200°F. 

•  In  order  to  meet  the  requirements  of  MIL-F-17874  for  a  maximum 
evaporation  of  two  percent  of  the  fuel,  the  tank  must  be  pressurized 
to  maintain  a  minimum  of  5  psia. 

Based  on  the  above  requirements  and  assumptions,  the  pump  performance 
as  shown  in  Table  I  is  required. 
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TOTAL  FUEL  FLOW 
(MAIN  +  AFTERBURNER) 


FUEL  FLOW  (1000  POUNDS/HOUR) 


vmmmmmmmmmmmmm 


TABLE  i 

EJECTOR  PUMP  DISCHARGE  PRESSURE  REQUIREMENTS  (MINIMUM) 

2  Engine  Military  Power 

Sea  Level  -  21  psia  (  1  psig)  @  20,  000  P.  P.  H. 

37,  000  feet  -  21  psia  (13  psig)  @  14,  000  P.  P.  H. 

60,  000  feet  -  21  psia  (15  psig)  @  7,  000  P.  P.  H. 

Afterburner  Power 

Sea  Level  -  34  psia  (14  psig)  @  70,  000  P.  P.  H. 

37,  000  feet  -  34  psia  (26  psig)  @  70,  000  P.  P.  H. 

60,  GOO  feet  -  26  psia  (20  psig)  @  35,  000  P.  P.  H. 


SECTION  III 


DESIGN  APPROACH 


3.  1  FUEL  FEED  SYSTEM 

To  meet  the  design  requirements,  a  system  as  shown  in  Figure  4,  was 
designed  and  developed  to  make  use  of  the  following  basic  components: 

•  Two-stage  ejector  fuel  pump  where  one  stage  operates  for  main 
engine  operation  and  an  additional  stage  is  activated  when  the  after¬ 
burner  flow  is  required. 

•  A  fluidic  proportional  amplifier  which  would  sense  ejector  pump 
discharge  pressure  and  divert  sufficient  motive  fluid  to  reduce  the 
ejector  pump  operating  performance. 

•  A  flexible  fuel  inlet  which  will  stay  at  the  bottom  of  the  tank  sump 
during  normal  flight  and  move  upward  to  the  top  of  the  sump  for 
negative  g  conditions. 

•  A  swirl  jet  which  will  induce  fluid  rotation  in  the  sump  area  of  the 
main  fuel  tank  and,  by  centrifugal  force,  keep  fuel  at  the  wall  of  the 
sump  during  zero  g  conditions. 

3.  2  EJECTOR  PUMP 

The  ejector  pump  is  powered  by  motive  fuel  which  is  bled  from  the  discharge 
of  the  high  pressure  stage  of  the  engine  fuel  pump.  The  primary  stage  nozzle 
will  take  fuel  from  the  main  engine  fuel  pump  at  all  times.  The  secondary 
stage  nozzle  will  take  fuel  from  the  afterburner  fuel  pump  only  when  the 
afterburner  system  is  actuated.  This  will  provide  a  pump  which  will  not 
continuously  bleed  a  large  volume  of  motive  fuel  when  not  in  the  afterburner. 
The  primary  stage  delivers  a  sufficient  amount  of  fuel,  at  the  required 
pressure,  to  supply  two  engine  flow  requirements.  See  Section  IV  for  analysis 
and  development  testing, 

3.  3  FUEL  TANK  SUMP 

3.  3.  1  Flexible  Pickup 

The  flexible  pickup  consists  of  a  flexible  hose  mounted  approximately  mid¬ 
height  in  the  sump  so  that  the  loose  end  can  move  up  or  down.  On  the  end  of 
the  hose,  there  is  a  pickup  which  is  heavy  enough  to  keep  the  hose  deflected 
down  and  shaped  to  allow  the  swirling  fuel  to  produce  a  slight  side  force  to 
keep  the  pickup  against  the  tank  wall.  As  the  airplane  enters  a  negative  g 
condition,  the  weighted  pickup  will  move  to  the  top  of  the  sump  and  continue 
to  pick  up  the  fuel.  See  Section  V  for  details  on  design  and  testing  of  the 
flexible  pickup. 
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ENGINE  FUEL  SYSTEM 


3.  3.  2  Swirl  Jet 


For  zero  g  flight  condition  the  fuel  could  be  located  anywhere  in  the  sump  and 
may  not  be  replaced  from  the  main  portion  of  the  tank  as  fuel  is  removed  for 
engine  consumption.  The  design  concept  used  was  to  purposely  place  the  fuel 
at  the  tank  wall  where  it  could  be  picked  up.  This  is  done  by  introducing  a 
jet  of  fuel  along  the  wall  of  the  sump  and  creating  a  fuel  rotation  which  by 
centrifugal  force  keeps  the  fuel  at  the  tank  wall  where  the  fuel  pickup  is 
located.  The  intertank  transfer  fuel  could  be  supplied  to  the  main  tank  in  a 
manner  to  provide  the  fuel  for  the  swirl  jet.  If  under  zero  g  conditions  the 
intertank  transfer  stops,  then  there  must  be  an  additional  means  of  providing 
a  sustaining  swirl  jet.  The  sustaining  jet  need  not  be  as  large  as  the  jet 
required  to  start  the  swirl.  See  Section  V  for  details  on  swirl  analysis  and 
te  sting. 

3.4  FLUIDIC  AMPLIFIER 

The  fluidic  proportional  amplifier  is  a  momentum  exchange  device  located  in 
the  primary  stage  motive  fluid  line.  The  main  flow  enters  the  amplifier, 
exits  through  a  nozzle,  traverses  a  gap,  and  is  caught  by  a  receiver  tube 
where  the  flow  then  continues  on  to  the  ejector  pump.  As  the  discharge 
pressure  of  the  ejector  pump  increases,  a  control  flow  will  be  fed  back  to  the 
amplifier.  This  control  flow  is  introduced  normal  to  the  main  flow.  The 
higher  the  ejector  pressure  the  more  the  flow  in  the  amplifier  is  deflected, 
thus  tending  to  reduce  the  flow  available  for  the  nozzle  usage  in  the  ejector 
pump.  The  flow  which  is  diverted  will  be  returned  to  the  aircraft  fuel  tank. 
See  Section  VI  for  analysis  and  testing  of  the  fluid  amplifier. 
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SECTION  IV 


EJECTOR  PUMP 


4.  1  DESIGN  OBJECTIVES 

The  objectives  of  this  investigation  were;  (a)  to  determine  those  parameters 
which  best  describe  the  operation  of  the  ejector  type  pumps,  (b)  to  examine 
and  test  various  ejector  configurations  and  their  adaptation  to  fuel  feed  sys¬ 
tems,  and  (c)  to  derive  methods  for  rapid  solution  of  ejector  fuel  feed  system 
sizing  problems. 

4.2  THE  SIMPLE  EJECTOR 

4.2.1  General  Description 

An  ejector,  also  called  jet  pump,  eductor,  or  injector,  is  a  device  which  uses 
the  energy  of  one  fluid  stream  to  pump  or  entrain  another  fluid  stream.  The 
two  streams  may  be  of  the  same  type  of  fluid,  as  in  the  water-well  jet  pump, 
or  different  fluids  as  in  steam  ejectors  used  to  pump  air. 

Ejectors  are  of  interest  in  pump  engineering  primarily  because  of  their  mechan¬ 
ical  simplicity.  Having  no  moving  parts  other  than  the  two  fluid  streams  them¬ 
selves,  wear,  vibration  and  other  mechanisms  oi  mechanical  failure  are  reduced 
to  a  minimum.  This  enhancement  of  reliability  has  led  to  much  interest  in  the 
use  of  ejectors  for  aircraft  systems. 

Figure  5  shows  schematically  the  arrangement  of  the  simple  ejector.  A  nozzle 
directs  the  motive  fluid  stream  into  the  area  occupied  by  the  pumped  or  sec¬ 
ondary  fluid.  The  secondary  fluid  is  entrained  within  the  region  between  the 
motive  nozzle  exit  and  the  end  of  the  mixing  tube.  The  mixed  fluids  are  then 
discharged,  usually  through  a  diffuser,  into  a  receiver  tank  or  feed  line. 

The  following  discussion  will  be  limited  to  the  case  of  pumping  where  both 
motive  and  secondary  fluids  have  the  same  physical  properties  are  the  same 
temperature  and  are  incompressible.  The  nomenclature  used  is  as  follows 
and  is  taken  mainly  from  Reference  1,  as  are  most  of  the  equations  used. 


Symbols 


2 

cross  sectional  area  -  in. 
diameter  -  inches 

2 

gravitational  constant  -  32.2  ft/sec 

mixing  tube  length  -  inches 

static  pressure  -  Lb/in.  2 

total  pressure  -  Lb/in.  ^ 

nozzle  to  throat  spacing  -  inches 

length  of  high  velocity  core  -  inches 

tempe  rature 
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Symbols  (Continued) 


V 
W 

Y 
H- 


Subscripts 

1 

9 

4  - 

a 

d 

i 

L 

m 

mep 

n 

o 

s 


velocity  -  Ft/sec 
weight  flow  rate  -  Lb/hr 

2 

cavitation  function  -  Lb /in. 
fluid  viscosity  -  Lb/ft-hr 
fluid  density  -  Lb/ft^ 


Stage  1 
Stage  2 
throat  entry 

discharge,  diffuser  exit 
nozzle  entry 
limiting 
throat  section 
maximum  efficiency  point 
nozzle  or  motive  fluid 
inlet  entry,  secondary  fluid 
secondary  fluid 


»  Dimensionless 

Ratios _ 

b 

f 

N 

R 

n 

X 

:  4> 


nozzle  to  throat  area  ratio  = 


friction  factor  =  Kd/L 

P,  -  P 

, .  d  o 

pressure  ratio  =  — - - — 

P.  -  PJ 
i  d 


Reynolds  number  = 
efficiency  =  4>N 

V 

s 

velocity  ratio  =  y 

n 


Vd 

H- 


flow  ratio 


W 
_ s 

W 


n 
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F  riction 

Loss  Coefficients 


K 


K, 


K, 


K, 


K, 


K 


34 


expansion  loss 
nozzle 

throat  -  entry 

mixing  tube  wall  friction 

diffuse  r 

mixing  tube  -  diffuser, 


The  motive  nozzle  pressure  drop  is 


P. 

1 


1.  11  x  10'5W  2 

- - r - 2- (1  +  K  ) 

2g  6  A 
6  n 


where 

1.  11  x  10'5 

is  a  conversion  factor  permitting  calculation  using  dimensional  units  as 

2  2  2  2  2 
described  in  the  nomenclature,  (144  in.  /ft  4  3600  sec  /hr  ) 

The  output  pressure  rise  of  the  ejector  is, 


P,  ‘  P 

d  o 


1.  11  x  10'5W  2 
_ n 


2g  6  A 


2b  + 


2<j>2  b2 
1  -  b 


(1  +  K_.)  b^  (1  +  4>)  -  (1  +  KJ  D  7 

34  (1  -  bp 
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The  overall  pressure  drop,  motive  nozzle  entry  to  ejector  discharge  is, 


1.  11  x  10'5  W  2  ,,2  .2 

p  .  p  =  - - - —  !  +  K  .  2b  -  2f  b-  + 

1  d  2g6  A  2  1  1  '  b 

6  n 


2  2  ' 

(1  +  K  )  b2  (1  +  4>)2  +  (1  +  K_)  ■<*>-  b 

**  4  (1  -  b)^ 


Ejector  efficiency  is  defined  as  the  ratio  of  energy  output  to  energy  input 


P  ,  '  P 
d  o 

P.  -  Pa 

l  d 


=  <|>N 


Figure  6  shows  typical  ejector  pump-down  curves  for  two  different  nozzle 
pressures.  As  the  ejector  discharge  pressure  is  increased,  as  by  closing  a 
downstream  throttling  valve,  the  quantity  of  induced  fluid  pumped  decreases. 

The  pump-down  curve  for  an  ejector  is  similar  to  that  of  a  centrifugal  pump. 
Also  shown  in  Figure  6  is  the  efficiency  curve  of  the  ejector.  For  a  given 
ejector  geometry  there  is  a  discrete  operating  point  which  gives  best  operating 
efficiency.  This  point  is  usually  designated  as  the  maximum  efficiency  point 
or  mep. 

In  Figure  7,  the  pressure  difference  ratio  versus  flow  ratio  is  plotted  for 
ejectors  with  area  ratios  ot  0.  05,  0.  10,  0.  15,  0.  20  and  0.  30.  The  presenta¬ 
tion  of  pressure  difference  ratio  versus  flow  ratio  has  been  used  for  some 
time  as  a  method  for  estimation  of  ejector  performance.  The  semi -logrithmic 
plot  used  in  Figure  7  was  selected  to  show  more  clearly  the  N  versus  <j>  relation¬ 
ships  for  small  values  of  N.  The  dependency  of  ejector  flow  ratio  on  the  pres¬ 
sure  difference  ratio  can  clearly  be  seen.  For  any  given  area  ratio  and  nozzle 
pressure  increasing  pump,  discharge  pressure  reduces  flow  ratio.  Flow  ratio 
is  at  a  maximum  where  =  0.  Conversely,  for  each  ejector  size  (area  ratio) 

there  is  a  maximum  pressure  difference  ratio  available  which  is  indicated  at 
the  =  0(Wg  =  0)  point.  Throttling  the  flow  beyond  this  point  results  in  expel¬ 
ling  motive  fluid  from  the  inlet  port  of  the  ejector.  Ejectors  with  high  area 
ratios  have  a  greater  potential  discharge  pressure  than  those  with  low  area 
ratios.  However,  low  area  ratio  ejectors  have  a  greater  flow  ratio  potential 
than  high  area  ratio  ejectors. 

4.2.2  The  Flow  Losses  in  the  Ejector 

The  prediction  of  the  flow  loss  coefficients  is  of  importance  to  the  estimation 
of  ejector  performance.  These  losses  are  dependent  upon  the  shape  of  the 
ejector  passages,  i.e.  ,  contour  of  motive  nozzle  inlet,  contour  of  throat  entry 
and  discharge  diffuser,  length  of  mixing  tube,  and  nozzle  to  throat  spacing. 


(%)h  ‘A0N3I0IJJ3 


(isd)  ‘°d-Pd  ‘3Sid  sansssad 


PRESSURE  RATIO 
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4.  2.  2.  1  The  Motive  Nozzle  Loss  Coefficient 

Kj,  the  motive  nozzle  loss  coefficient  can  be  derived  by  tests  of  the  contem¬ 
plated  nozzle  configuration  or  can  be  estimated  by  reference  to  literature. 
Cunningham  (Reference  1)  suggests  a  value  of  =  0.  10  for  Reynolds  numbers 

of  about  20,000  and  greater.  This  value  appears  to  be  reasonable  as  compared 
with  testing  accomplished  under  this  contract,  although  somewhat  conservative 
at  high  Reynolds  numbers  (100,000  and  above).  Accurate  determination  of  the 
loss  coefficient  can  be  obtained  by  testing  the  contemplated  nozzle  design,  at 
various  flow  rates  and  nozzle  pressures,  and  calculating  the  nozzle  discharge 
coefficient.  The  loss  coefficient  can  then  be  determined  by  the  equation, 

Kj  =  - - - 2  -  1  (5) 

1  (Discharge  Coefficient) 


or  the  loss  coefficient  may  be  calculated  directly  by  use  of  equation  (1).  The 
relationship  of  discharge  coefficient,  sometimes  denoted  as  C^,  to  is  given 

here  because  it  is  sometimes  of  interest  to  compare  C^  with  values  obtained 
from  other  literature  sources. 

Figure  8  shows  the  flow  versus  nozzle  pressure  drop  for  the  initial  test  ejector 
nozzles  used  in  this  study.  A  comparison  curve  for  an  equivalent  nozzle  having 
a  loss  coefficient  of  =  0  is  also  shown  with  each  nozzle  test  curve.  The 

annular  nozzle  performance  is  comparable  to  that  of  a  simple  nozzle.  More 
discussion  of  nozzle  geometry  and  performance  will  be  presented  in  the  section 
on  ejector  geometry. 

4.  2.  2.  2  The  Throat  Entry  Loss  Coefficient 

K^,  the  throat  entry  loss  coefficient,  is  usually  small,  especially  for  the  case 

where  the  motive  nozzle  exit  is  withdrawn  some  distance  from  the  throat  entry 
itself.  The  curves  shown  in  Figure  9  give  good  values  for  entry  loss,  using 
radius  type  entries.  Due  to  manufacturing  complexity,  it  is  probably  more 
desirable  to  use  a  conical  entry.  Cunningham  (Reference  1)  recommends  use 
of  a  120o  angle  conical  entry  with  slightly  rounded  throat  entry.  Hansen, 
(Reference  2)  in  his  work,  used  26-55  degree  conical  entries.  Hansen  achieved 
a  very  high  ejector  efficiency,  42  percent  maximum,  with  an  ejector  having 
an  area  ratio  of  0.  295  using  a  40°  conical  throat  entry.  Cunningham  was 
never  able  to  directly  measure  ^  and  therefore  assumed  that  =  0,  in  his 
theoretical  performance  calculations. 

It  appears  that  for  ejector  configurations  using  a  very  small  s  spacing,  in 
some  cases  s  =  0,  that  throat  entry  configuration  and  external  motive  nozzle 
shape  play  an  important  role  in  ejector  performance.  Flugel  (Reference  3) 
evaluated  different  throat  entry  shapes  with  small  s  spacing  as  did  Keenan, 
Neumann,  and  Lustwerk  (Reference  4).  Both  studies  show  the  importance  of 
throat  shaping  on  ejector  performance  using  small  s  spacing.  Throat  entry 
geometry  will  be  discussed  further  in  the  section  on  cavitation  characteristics 
of  ejectors. 
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THEORETICAL 
ANNULAR  NOZZLE 
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FIGURE  8.  NOZZLE  CALIBRATION 
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FIGURE  9.  THROAT  ENTRANCE  LOSS 
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4.2.2.  3  The  Mixing  Tube  Loss  Coefficient 


K_,  the  mixing  tube  loss 


K 


3 


(6) 


Where  f  is  the  friction  factor,  L  is  the  constant  section  mixing  tube  length  and 
d  is  the  throat  diameter.  For  convience  of  the  reader  in  determining  K^, 

Figure  10  gives  the  relationship  of  friction  factor  and  Reynolds  number  for 
flow  in  smooth  tubing.  Reynolds  number  may  be  calculated  from. 


R 


48  (W  +  W  ) 
s _ m_ 

d  H- 
m 


48  W  (1  +  4>) 
n 


TT  d  U 
m 


(7) 


A  curve  of  viscosity  versus  temperature  for  JP-3,  JP-4,  and  JP-5  fuels  is 
presented  in  Figure  11. 

4.  2.2.4  The  Diffuser  Loss  Coefficient 

K^,  the  diffuser  loss  coefficient  may  be  determined  from  Figure  12  knowing 

the  diffuser  half  angle  and  area  ratio.  From  this  figure  note  that  diffuser  loss 
is  at  a  minimum  for  a  diffuser  cone  half  angle  of  3°. 

and  are  combined  in  equations  (2)  and  (3).  The  resultant 

represents  the  combined  mixing  tube  and  diffuser  losses  encountered  in  the 
ejector.  Good  design  makes  it  imperative  to  reduce  as  much  as  possible 
to  obtain  high  ejector  efficiency. 

4.  2.  3  The  Mechanism  of  Pumping 

An  interesting  photograph  is  presented  by  Flugel  (Reference  3)  showing  the 
mixing  vortices  forming  in  the  contact  surface  between  two  fluids  flowing  at 
different  velocities.  For  purposes  of  discussion  this  vortex  formation  is 
shown  pictorially  in  Figure  13.  The  mechanism  of  pumping  appears  to  depend 
on  vortex  formation  and  the  pushing -action  of  the  high  velocity  fluid  on  the  low 
velocity  or  secondary  fluid.  The  fact  that  turbulent  vortex  formation  plays  an 
important  part  in  pumping  as  it  occurs  in  the  ejector  is  further  substantiated 
by  Cunningham  who  observed  rapid  degradation  in  ejector  performance  during 
tests  at  flow  Reynolds  numbers  of  3,000  and  lower.  Remembering  that  such 
low  Reynolds  numbers  represent  flow  in  the  laminar  flow  region  where  vor- 
texing  is  nonexistent,  seems  to  bear  out  the  importance  of  flow  turbulence  in 
pumping.  The  results  of  other  investigations,  as  summarized  in  Stepanoff's 
"Centrifugal  and  Axial  Flow  Pumps"  (Reference  5),  indicate  that  ejector  pump 
efficiency  increases  almost  tenfold  from  a  Reynolds  number  of  less  than  1000 
to  a  Reynolds  number  of  800,  000  to  1 , 000,  000. 


I  — ■■■  . .  Hill  lain  mil 

I  n  bbbbmm  mmmbbb  aBBBB  ■■■i,mn  *bbb«  *■■■■  laaai  imii . inn 

I  ■.'■■—■■■■a ■■■■■■■■■! Milium ■■■■■■■■■■■■■■!  mu  mu  iuh 

I  ■^'SHaMaHiiHiimaiiiMiiiiiiiimimmiiiiiiiiiKniiiii 
I  mm  «■■■■■■■  ■■•■■•■ail  laiiiaaaai  ■■■■■  •■■■■■■>■<  nan  mu  mu 

I  ■■■■■■■  iiiiiiii  ■■■■■  ■■■■ . . . min 

I  — -hhhhhhb  ■■■■■■■■■■  mu  mu  ■■■■■■■■■■  ■■■■■  mu  him  him 
Iwimiii  ■■■■■■■■■■  1111111111  ■■■■■  ■■an  mu  mu  miitiin 


■■■■a  aaaaa  aaiaa  bbbbb  bbbbb  aaaauui 
■  ■■■■  laaai  aaaaa  BaBaa  ■  B  Ba  a  ■■■■a  aaai 


(■■•I  Mill  Hill  ■ 


bbb bbbbb  aaaaa  aaai 
aaa  aaaaa  aaaaa  aaai 
■a a  aaaaa  aaaaa  Baa 


a  aaan  aaaaa  aaaaa  aaai 
*  aiaia  ini 

aaaaai  •■■■■mi 


■■■■■  iiaiinin  aaaaaiiiia  aaaai  huiuiiih 


■■■■wiumi  ■■■■■■■■■■  Hill  Hill  ■■■■■  Hill  iuii  mu  iiiHiiiti 

— ■—■■—^——■■■■■■■■■iimniiiii  ■■■■■mmi  mil  inii !!  i  n  nil; 


_ _ aaaaaaaatl  ibiimiiii 

bmm*  iaaa  aaaaaaani  aaaaa  aaar 
aaiaa  •■a3aaaaaaiiniuiiiu 


■  BaaaaaHiaiHiaj 
'iaaaaBaaaii|M)l 

I^^Ma . . 

■aaauii  aaaai 


SSSSBSaaa^StaaaS«iiii| 

aaMMaaaaaaaa  laBaialilliiaH 
aaaiBaBaaBaa  a  «aaa  aaaaa  aaaai  i 

2  2  S  MS  S  S  S  S  B  ■  ■ 
hS3SBS5mSSSbSSHF 


a  iina  iaaaa  i 
assiaSaaasi  i 
amii  •■■«*  i 

■■■■■nnWIIl'iiaiiliiii  i 

■gjHMaHiinaii  'ini  mil 


■■■■■  ■  1 1 1 

■■■■■■■■■■  ■■■■■■■»  ii ii in  i 

■■■■BinHiiiiiHKMiSu  i 

■■■■■■■■■I  lllll  ■■■■!  Mill  i 


■■■(■■•■a  aaaai  ■•■■■  uiMi 
im  ■■■■•  aaaai  hhi  mu  iiiii 
!•••■■■■■  aaaai  ■■•nifiii  inn 
iiiiaBanaiiBi  nan  iiiii  inn 
im  ■■■■■  aaaaa  •miiain  ling 

iibi ■■■■■■■hi nan  •  min 


in 


B ■■■■■■■■■■■■•■!  Ml  I 

!■■■  ■iiiiinii  i  mm 
—■■■■■■■■iiiiiiii 
■■■■■■■■■I  ■■■1111111  I 
■■■■■■■■■■■■111111111 

■llliilllii  iiii  nil 


III  I. 


lllll■■■■ll■■■lll■al  i  min 

i  mill 

lllli■■■lllllllllll  lilt  in 

iiiii  ■mi  iiiii  iiiii  1 1  — 
■:miiiii  mil  iiiii  1 1 


ill  1111111111111111111 1 1  hi 


■■■■■■■Mil 

Jhhiiiiii 

iBBUillllll 
■■IIIIIIII  IIIUI1II 


IIII 

IIII 


IIII 

iiii 

IIII 


III  II 


II II 


III 


«=E==s=a==3  ssacaszsssan: 

—====«=== 


====::::a::::::: 

2====:::::::^, 


B^BnwssfBMiaaaa  wwmm&ammmm  aacso 

. . .  aaoHHMMPHI 

aiuMBEaaa;aaiiiBiiiiiiii  Mil ■■■■Baaaii nan 
■■■■BaSaai ■■■■fiiggai  mil  aiiiaaaBaiB|aa„,,i 
■aanBB iaaaa iaaaiMlii laaai  ■■■■  aaaaiiajia aaiai 


«■■■■  ■■■■■■■■■■■■■■■  mil  i 
■■■■■■■■flg  ■■■■■  lain  mil  i 
ninHHBiiniigiiiiiiin  i 


Qaaaaaaaaaaaaainiiia  aaaaa  —— 1111— — — BBIP— — IBHW 

. . .  -  aa  ia»  «a»n.*aii.«in 

gasggg^sssg  ggggsssrti  !ss5;::;liggggs  :s5i::sKi;;:a  m\  iSiiisaasggBggss  'm.'su.;  1 


•  aaaaa  aaaaa  aaaaa 

*  aaaaa  aaaaa  aaaaa  ioa>  ■••• 

■  aaaaa  aaaaa  aaaaa  •■■at  mm 


■  •  -  • 
•If* 


Saaiaaaaa  aaaaa 
aaa  aaaaa  aaaaa 
aaa  aaaaa  aaaaa  aiBaa aaaaa 
- aaaaai - 


naaaaaaaaaBBiBaa  ai 
it  aaaaa  aaaaa  aaaaa  ai 


iaaaa 


Ml  l 

nh 


mil  | 

IIUll 


ihiiiiiiiiiiii  i  f 

llh'llllllllt  lj 

IllllliUllllllll  II 
flUIIIIIIUIIIIIII  I 

■iiimiii:<mi  1 1 


Iiii 


FOR  LINES  WHOSE  LENGTH  IS  MORE  THAN  TWICE  LENGTH 
OF  BEND  AND  f  OF  TOTAL  LINE  DETERMINED  FROM 


■■■■■■■■■■■■imiiint 


aaaaa  aaaaa  aaaaa  a  aaa 


-  =  6.5  AND  ABOVE  TO  f  OF  BEND. 


aaiaa  bbhbiiiiubiiiiiiii 


■BB>  •■■■IBBBriaBiaMIM 


"SBSSSSSiKH 

S5SS  ■■■■■••■■• 


■  aaaai  ■■■■■■■■■■ 
■aaaaaaaaaaaa 


■■BBBbiiiimiii  I 
■BBIHIIIIIIIIII  II 
IBBBIII  ■■IIIIIIII  II 

■  BBMimillllll 

■  ■■■■lllllllllll 

■  illllllllllllll 

■■■lllllllllll 


iiiii!"!! 


■■■uiiiai 

■■■IMm 

■■■■■■■I  H 


•  iiiiinii 
■■■■■■■iiii 
Miiimiiiih 
■ill  iiiii  ■■  ■  ■  ■  ■■■■•■■  ■■■  iiii 
1111111111  aaaaa  iiiii  iiiii  in; 
iiiiinii  ■■■■■  mu  iiiiiiii 
Iiiiinii  ■aiiiiiiii  iiiii  hi 
iiiiiiiiiiiiiiiiiiiiiiiin 


IIIIIIIIIBIIIIIIII  IIIIIIII 

miiiiiiiiiiiiiiimiiiii 

liiiiiiiiiiiiiniiiniimj 

iiiiiiiiiiiiiiiiiiiiiiiiiii 

llllllllllllllllllllllllll 


ft- 

Hi 

Hum  I 

III  lllll 


in 

ID 

IU 


■■■  ■■■■■■■•■•■■■■■■■■■ 

aaaaa*  iaaaaaaaa 


BBBBBaailllMIIIIIIIIIIIII 

BaBBBaaaaaiiiimiimiiii 
MHHBSbbbmiiiiiiiiiiiiiiiiiiii 
miiBBBBBBBUiimiiui-iasiiiiii 
iiiiiBmaBBaBMiiiniiiiiiiiniiii 
INIIHHHHHHMIglllllllllllllllllll 
■IHHHHHIBRIBIIIIIIIIIIIIlflllll 
■■■■■llllllllllllllllllllllll 

■■■■■iiiii  iiiiiiiiiiiiiii*! 


bbbbb  aaaaa  ■■■••  in.  ••••■  BBB^Ba^aBBB®  iMaaaa  aaaaa  aaaaa  ■■■■•  ■■■■•  aaaaa  aaaaa  aai 

igESai  Kaaa  aaaaa  aaaai  aaaaa  iaaSi  aaaaa  aaaaa  aSSSa  a;8afaaaat  aaaaa  aaaaa  Eg 

■  . . .  taBMMBaBaaMiaaaaMiaiBiBflMMMMHIR 

A  aaa  aiataaBia aaaaa aant  laiaiiiiii  mi  - 

■  ilai  atat  Baaaa  aaaaa  ■••»iMaaaaMaaaaMa 


.  alaaaaa ■BBBBBBiii aaBaaaaaai  aaaaa  aaaaa  laaai  iai 

a.  taaiBaiaa  mm  aaaaa  bbbbb  aaaai  aaaai  nm  aaaaa  aaaaa  iiiia  aii 
i  aaiBBBaaai  BBaaaiani  jaaiimti  bibm  aaaia  fiaaw  ill 

it  %  'MaaaMaaa  aBaaBaiaai  iMiianii  aaaia  aiaai  iiiia  hi 


■aaiaani  laaai 


aaaai  iaaii 

(■a at  aaaaa  aaaaa  aaaai  iiiii  inn  uni  a  'a  tk'aa  mbbmb  aaaaa Baaaa  iiiiniiai  bmbbb  ibbib  nan  mu  iiiii  iiiii ^Hi _ _ _ _ 

Im  ■■•■■■BBBi  ■■■■■■ . in  miii  im  ^.^laaBBpaiaBiiiiiiiiiMiiiinfBaiiBiMijiiinim  uumiiMMMaaaai 

HHHHHHIH  lllll  lllll  Mill  MkV^k^.^BBIBiB  BBBBI BBIBI  ■■■■■  lllll  MailB  BBBII  lllll  lllll  lllll  lllll  BBHBiaa  MBI 

lllll  lllll  lllll  aMBa'a.  ^  M^MMBB  ■■■■■•iiii  111111,1, i  lllll  ia|aa|a||M|MM|||aiiijaMM|MMMMMi 

I  mil  mihimii  ^BBB  . . . 

■■tl 


inti  i  un  ^SSlaaaaM  aaMaa  aaaaa  i 
iiii  inn  •  nil  afaaaaMaaai  aaaaa  aaaaa  aaaaa  ai 
aaaaa  iimi  aaaaaMaaaa  ■■■!•  ■•••■  aaaaa  ai 


■  BBBBI  •■■■■, IIII  lllll  lllll 


a  ■b»ii  nan  iiiii  Immui  aamwa  mmmmb  aaiinii 
■  iisugiiaiHiiiiiiiiiimiiMMaBMHiiBBiiiiiiii, 
u  laisB  mu  iiiiimiliiMt  Maaan  mm  mm  a  ■■■■•  ■!■■■■ 
———————— ————————— IminiiiiiiBiB  ■■■■tinii iiiii  him  *bm—— ■■  ■■■bimiib bbbbb  ■■■■■! 

jiiiiiiiiiaMinHiiiidiiiiiii— —— v*a  a.'*,  ^••'■■■■■iiiiii  aaiiiiiiii  ■■■■■■■■■■  aaaaiinii  iiiii  mil— H—HHHHBauBaiaaaaifiiil 
(■■■■■  ■■•»  aaan  iniiiiiiiiiin—  ■■ivik'a^a  ."«■■■  ■•■■■aim  iiiii  ■■■■■■■■■■  aim  iiiii  iiiii  iiiii  M—HiHHHHHa  ■■■■■aaaaa  imtl 
linn  iiiii  inn  nm  iiiii  iiiii  mat'  '■*:*■■  iiiii  iiiiiiiiEi  ■■■■■  ■■iiiiiiii  iiiii  iuii  iiiii  ■■■■■■■hi  ■■■■■  iiiii  mill 

. . iiniini  iiiii  iiiii hhhhm  a iiiii  mil  iiiii  ■■■■■  iiiii  iiiii  iniiinn iiiii— —hhhhhb  ■■■■■■■■■■  imti 

•  !•£■  *•!<>'  jfri  i  "■  ■  SS SES 5£  ~  aT  ^  a"5 biT*  a*"55  !  IK ■•■*•! 

ymmai^aMM^ta  ■■.  ■nt>  Mg&MMgaaMl 


BBBaaaaaa#  •■■■•  ■•«ii  iiiii  bb3 

■  ■•■■■■■■•■■■■■■■iiimn  i •  > > t 

MM  BBBBB  ■  ■  ■  ■•  ■■■■■  •■■■*  lllll  •  •  •  1 1  BBBBIBBiaa  BB^B-_ - 

hhi  BBifli  aaiaa  inn  hiii  ihi  Mill MaaaaM MpBt  aa  1 

MMM|aai||H||*ii||iiiiaiM([iiaBiaaSaBBaB  ■■ 


REYNOLDS  NUMI 


.iiiiii  Sin: 


sssxxx 

::::::::::::::::::::::: ::::!  ii!:i  iiiii  iiiii  Sir' 

•  MIVIM  II  ■■■■■  IIIII  IIIII  IMII IIIN  Mill 

-  - II  Mm  ipm  |||i|  mil  mu  mu  a 

- E—  imii  mu  inti  iiiii  ■ 

■Mil  iiiii  Mill  lima 
HIM  IMII  If 


. . . 

iiaii:  iiiii 

SiinSiH  ::: 

:zE:: ::::: :::::::::: ::::: ::::: ::::: : 

rnmmmmmmrn  •  •  **••••  ■■•■••mm  immiimi 

‘■•••I?*;*  ::?!!!!•!!  ,.r.r. 


tflZR*!S5SSSS8Sl 

ss:  ::::: ::::: 

•  •  •  ••■•*•■■#§•§••••*  ••■■■«■  iiiii  •■■•Mia 

-'•■•••■I  ■■■■■■MMHIimi 


MIIMHI  lilt*  ■ 

MHMM-IIIU  II  III 
..II-  .Ml. 


SIS  •«•••  IMM  llllt 

.  . . .  II  ' 

•  ••  . . 


MMMMIIII 

. . I .  I«l  I 

••••I  II  *  •  i  IMII  Mil  I 

imm  im<  iiiii  •!•»  | 


EBsis;5BiiHiHSiH:S3!$H!B!SSii 


_ e:  :::::::::: :::::::::: ::::: 

■  M*  ■  •••■•■•■ 

S222  2255!?-*5! 


s:n:;q 


iiiiiii  iitiiimi  ■ 
m  iiiii  imii  lima 

_ _ II  MMI  IIMI  IIM  fl 

_ >•■11111111  bibb*  aaaa  iniaaiiiiiiiniuaia 

>  mi  iiiii  imiiiiiiiiiii  mi  iiiiiiiiiiiimii 

mi  !r" . 


<aa«a  !■■■!  iiiiiim 
laaaaaaaai  iiiinn 

- mm 

_ ai 

mini 

iiiii" 

■■III  IIIII  III!  1111 

jjjjiiiniiii 

immm 

IIHillllr 


«ss;  ms;  ;;ss;  sssss 

■  ■■  ■■in  mmmmm 

m  «•■■■•••■•  •«■■•  ••■  it  ■■■•. 

■  »•••••••••  •««■••••■■  ■  • 

iliti:?::::::!::!:::. 

■|H  tf  •••>■  IMM  IIIII  MM. 

Hiii  iiiii  mi. 

■aaa  a  aaaa  iiiii  mu  nmmi, 

. . .  »i*ii  ii  mini. 

■  •  mai  iiiii  mu  mu  it,. 

•••••  . . 

WBHHBMMaMI 

ifHItiiiM.  mu  1 

il  •••••  MU.  mu 
I  Mill  iiiii  tin 
IIIMIMH.li  1 


■  ■II  llll  II  <111  fi 

in!  SUIT 


mi  sum 

: :: 


g  iiiii 

i£t  !U5;  ilia  Iiiii  iS£ 


_ i  ■  ■■■I  Mill 

•aaaiiaiiaiiiiiu 

ssss:::::::::;::::::: 

■HIM 

!!!!!! 
mini 
iimiiii 


SOURCE : 

LAMINAR  FLOW  DATA  FROM  “MODERN  DEVELOPMENTS 
IN  FLUID  DYNAMICS’  (OXFORD  PRESS) 

TURBULENT  PLOW  DATA  FROM  NACA  1294 


.•«■■•• 


iMMiiaMnnai  I 
iM«ta»  mn  mu 

Ml . Ml  llll.  <. 

It  Mill  IHIHM  I 

If  MIIMIIII IIIII  [ 
I*  Mill  1 1 1 1  Ml  II  i  | 
II  If  III  1 1 1 1 1 IIIH  I 

. . I 


Jl■■■■■■■■■ll■■tllll!lliltllllll■■■■l  iiiniiinili 


iBBBaiiiiiiumiiiiiiiimiiini  iiiiiiiiiin 
. .  ilir 


••■■■■a  ■■■  ■■■•  HHiimnn 

iiiii iim ■■■■■■■■■■■■■ii iiiii  tin 


liiiiu 

mm . 

I  IIIN  IIIII 


l■BBBBBIIIIIIII  IIIII 
IBBBI  IIIII  II II I  IIIII 


581WMWIW 


RADIUS  rtATIO 


iiiiiilH 

!::::»!:! . ■ 

•  bb  aa  ■■■  aa  tin 
. . 

•5sss5S5:sis:f 

::::::::::::: 

51:::::::::: 

»••  «4*i 


S!  sssuBpjji  llll!!!!!!!i!Sii!!i!!!i!!!!i 

ill  HU!  Hit!  iftHHin  iliiliiilliliiiiiiii  il  I  iiiiiilSlIiillilHli  ® 

„  WBjMwmaa 

1=55  ifiii  Iiiii  |||||  illl-irlijiiiii  iln*  IHli -Iii:  llli-  i  iiiiiiiiiiiiiiiulHiiiiiiMiniliilHHiiilil 

I IH:: ::  i:: :::::  ===== =====  ssss: : :::::  iiiii  i::i:  ilifi =::: 


•muni 

BltiiMHBiniiiiiiii.ii.i 

waiaaaaniniwiiiiwa  iiiii  urn 
mum  iiiiiatiimiiiiiiiiiii 
mi  iini liplBi nm iiiii  iiiii 

iiiii  ::si:i!s 

mammi 


ix  its*!  !i::i  irtH  iiiii  53  aas: 
::::::::::::::::::::::: - 


::::  =55r=  txs::  :l:r:  •-•=■" 

_ He! ess:: ■ 

!SSSS  SSSS*  SSSS*  SSSS!  mSU  SSSSSSS  SSSSS  SSSSS  •••■«  SSSS!  SSSS*  SSSSS  •■■■■  SSSS  SSSS*  SmSimmI  ■—ZT^SSi  sssss  sssss :::::  ssss*  ssss:  SSSS  SSSSS  SSSi 

—■••■•»  ■■■•■  mm . .  «■#■■#<■•»  WM  ■#■■■  ■»«*  mm  MW*  ■*"  ■■•«■■  ■■ifefi  Mail  |wM  HIM  ■«■■■  ••■••  •■■ 

!■■■■  ■■■ii  iimi  •••••  MiNnwi—a— waailaii  •■■■•  IMM  ■■■■•  mmmmm  imii  ipi  mm  _  ■■■■  mmmmm  mmmmm  mmmmm  W*w  imm  iiaa* 

.■■■a  *■■••  •■■■•  mi.  him  HMaaaBaaaaaa  ■■■■■•«•*■  »•••■  •••••  ■■■■■  ••••■  •  •••  i  •>••> mm.  Masaa 8BBt«  »••««  •*•••••••«  ■•■■■  ■■■■• 


. . .  , 

>■<  ••  n  . . .  I 

n»iMiiiii,  1 

. . 

^■mnBBBvmmiiBi  •■•••  i«mi  .a 
wav*  ■■■■■aaaaa  ■•■•a  taaai  iiiii  aaaaa  aaaai  aaaai  aaaii  maa* 

««■■■■■■  ■■aai  8mm  iiifiMifjBB|BBBflaaaiaa»iiHaiiSi  Rail 
laiana  ■BBvaav  bwbb  aiaai  aim  m*t  Bala*  aa t  aa  >■*»«  Miat  nm  iimi  I 

mms  sssss  sssss  •sss:l 


mmmmm  mmmmm  nm  mi*  n*w  •  »••* 

I::::::::;::::;;;:: 

- aaaai— . 


_ six;  s:::  sssss  sssss  ::z: on; ::::: :::::  as  :::s 

imii  (Hit  Hut  ■•»wiMi—aaiBllia*a.1«iiiaaBiBBMaiiiiiiii>inaH» 
imm  hmi  mmi  ——fa  ■■mb  aaaii  •..■•hiii  ■■■■■  ia|ai  laiMMMt 
imm  ihii  mmi  —  vbb  ■■■■■  ■■MaiaaiiinaiH.  —  ■■•■!  aaiii  aiaMMin 

■  ■■■■■■■■■■  aaaai miimiih bbbb* aaaai  ..:•••  min 

- bp  a  a  mi  iai  i  miiii  bvbbb  ibipi  nan  •»• . 

- ■•aa  miiiiiii*  ■■■■■••  aaiiiiii  mail 


(■all  IIIII 

iiiii  mi 
mil  nil  i 

iini  iini 

iSBaffil 

-3S3S3SS3S 

(ilSsHSi 


:::::: 

■asoilMii 

■■■■■■ 
■■■•a* 


llll 


...itini.u<...M.::?s:isssis:ss{8!!!;!!sss:si!s::;.... , 

iii  uni  aaaa  mhi  mu  iiiii  iiiii  iiiii  iiii  iln 

n»iin.iiiiininiiiiiiiiiiiM»»maaaaaaiaimin.:::,|iNaaaaiimiinn  inmiw 

- iiiiHMHiBaaBBaiiiiiiiiiiiii|iiiiii3.=?>iiiiiini]  luiimi 

iii  bbmhbbiiiiiiiiiiiiiii iiiiiiiin iiaiiiii.: ::■<  iiiinn 
iiiii  iiiii  iiiii  ■■bbbbbiii  iiiiii  mi  iiiii  iiiii  hi  ii  hi  ii  mi  im..;:::!"" 


miiiaiiiiiiiiiiiiiiMiiiiii  ■■■■■■■iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 

H  pii  iiiii  iiiii  ii?i.  sSili  ISM  ism  II!!!  IHII  Iiiii  iiiii  iiil!  ill! 

::j ;  j  js  life  jiij:  Iljjg  Hill  Iim  if  ||1  111  j  i  ilii  i  IIIII  IHli  llli 

:: :::::  =  ====  :r::: :::::  =====  = 


**■*•»  *■«•• 
.(HI  llll. 
Hill  III. ,  L 
IHI  III*.  I 
Hill  II  III  I 

iiiii  mu  I 
•  iii. mi. iiiii  I 

_ _ _ _ _ ••••mu | 

BB*BB*aaa«ia lain  bvbbb  lamnm  mainm  . 

■  BBB**M*ai  Mill  mu  bbbbi  1*111  llll.  mil  inti  ml  1 

■  ■■■■mi  I  iiiii  iiiii  ■■■■■  imii  iiiii  hi ti  iiiii  mu  I 
---  ‘in  i  iiiiiniii  ■■■■■  inn  iiiii  iiiii  inn  mul 

■piBiimmaiiii  i  iiiii  iiiii  ||Bia  aaiii  nm  iirii  iiiii  iiiii  I 

- n  g  lininiii  ISttia  iiiii  nm  mu  im,  inn  I 

■■■■■iimiiii  iiiiiiiiiiiiiHiiiniiiiiiiiiiiiiiiiiiiiil 

^^■■■j  Ml  ||llllli|IIIIIIIIVIVIIMIII . Hill:  I 

^  \lil\ll  \l\  iii  i  (ini  ihii  iiiii  mu  iiiii  ii  miii:  ini  I 

.  ill  lininiii  i 

minin'.:::. 


2  n«i 

iiiii?::: 


:: 

::  !!»i  ■■■■■■■**■  iiiinn  iiijiipiimiiiiif 
iiiiinahs=«iiiiiiiiiim  itiiiniiiiiiiii  tin 

If!  ill^  ii  SMHIs  AiS  IHli  Hill  IIIII  ISISi 


WtliaS*  -ssss  ssss;  sssss  ;;:;■  gfs 

lfj{  ••••>  ‘J»*  •im;  SSSS*  Sjp  | 


■k.  '  «M  MIM  •■■«■■••••  ■ 


■■>•■■■••  •■■■» 
MB  MM  HIM 
■  ■■  •«■•«•■■■• 


iini; 


<4  llllt  *UN 


°5=HSH:!EEi! 


1* BBS  -  ■  -  -  -  .  .. 


M 


|iMM*Maa>.'Min 

iim*aaaniiiBi »«. 


:::::: 

_ _ •••a  aaaai 

iiMMiaaaaam*.  *••• 
aai  ■  ■■■•  ■••aa  aaaa* 
rn  ■■■■a  aaaai  aaaai 
in  ■■■■a  aaaii  aaaai 
it  aa  aa  a  aa  a  1 1  mi  i 
it  Baaaa  •■aanaai' 


iiiiiiiiiiiyyiiiiyiiiiiiuyyiiiiiiiiiiii 

••■■■  (••■I  •••■■  INK  I  M 

■SE!!!!:!!0 


:==: 


BBgBgggMiM 

Mm  vxPl  BWIIKSifi  gfii  Hg|  »;si  nssi  sssss 

2  22222  *»!■!:::::  22:::  :i::: ::::: ::::: 

mm  •••■■  mmmmm  mm.  tM  ■  >  t 

mm  bib  mbs  ■■■■>•■•■■  ••••«..  •■■■■■•••iim . 

•  ■■•■■■uhiMm.ii.i..  . . . 

■  ■  ••■■■  »••••••...  ■■•••  »■••• 


=  6.5  AND  ABOVE 


Tr:s:: 


iiiii!::::::::  ’ 


iii 


mil 

im 

iiiiii 


im 

imii 

1111 


i;;i  iiii 

rntmti 

■HIM  ■ 


1 1 1  a  1  ii 
■III  I 


! 

1 

1111 1 

iiiii 

iiii1 


INHIIIIIRMI 

iiiaaiaaaiiMii 
|*aaa  liaiiaianB 


•  ■  »  ■  •••••  •••••••••■  mm  mm  mm  mmmmm  •*< - 

•  ■•■••  Mai*  m« ••»•••  1  ■••>•  mmmmm  ■  • 

»  -  -•■■•■!«  •■•••••••.  ■■■■■  imm  ••> 

: :v=: ::::::::::  a::::  ::::*  is 


•  ••I.  .  till  .HI*  | 

•  ••■■  .Hit  (III.  I 

_ •••■!  .  ••  *1  Hit-  I 

•a«  taaai  iimi  »ii»*  mm*  I 
a  aaaa  aaaai  naai  iiw  nan  I 
~naaaiaaai  nm  iiiii  ihi.I 
1  a  a  a  laaai  nm  iiniiiii  I 
B •  1 1  a •  1  nan  i ill  1  nil*  I 
ai  laaii  imr  imii  iin<  I 


^=sssssss2s:ss::s:;; 

"■"■■■■■aamaiani 
I  ■BiHBaBMBnillllll 


iiiii  iiii 


sasssssssssssnR 


enaSmn  ;u::  u  4:  5la 

*  ®- '*““ss  .isis  53!  sssss 

- 

niki.iii..*'* 

t.  ■«■■■, i.i. 

niaaiii.iu 
1  11  •■■■■iiiii 
I  II  •■■■fllltll IL 

1 11  ■■■■■  ■  1111 11 
l  II  lain  1 1111  1111 
llllllllllll  llll 

. IIIII  llli 

llllllllll  llll 

iiiiimn  llll 


■  ■■••  ...  •••!  IIII.  I 

IHII  IIIII  in.  "•  f 

_ _  _ IMIHMtinMIllH. 

aaaaa  aaaia  a«a«a  a  aaaa  nmi  iata«  u- 


aillliaiH  BSBBB  ■■■•!  IMM  Mitt . 

- -  -  |Ba||  mg|  HIM  HIM  IIIII  Ilia.  I 

..«!:SSIt:Sj!!!i!!S!!!!i!!!!!»i 


iiiii  iiii;  _ 

Sss3s:::sH:::«!::::::  .. 

atii  annm  ■■■■na<a!!gaaa|ii(i:r,*iiiMiiiainiiiii  ihi.;::?"uiiiihi 
iiiii  mu  iiiii  ■■BBBaai*iiiiaaiiiiiiiiiiii;:!«aiiiiiiiit)|iiiiiniiiii.»; 
iiiii  aiiiBiiimBBBBBi*aa  1111111111  inn  " 

UlllllljlllNiaBBBBII 


iiniiii;::! 

llllllllllll 

iiiiiiiiiiimiiiiiiiiiiiiiirii 


3456789  2 

0,000 

3  4 

s  6  7  8  9 

100,000 

2  3  *  5  6  7  8  9 

1  *  10® 

NOLDS  NUMBER 

FIGURE  10. 

COMBINED  FRICTION  AND  BEND  LOSS 

COEFFICIENT  VS  REYNOLDS  NUMBER 

FOR  SMOOTH  PIPE  FLO'.V 

TEMPERATURE  (°F) 


VISCOSITY  VS  TEMPERATURE  OF  JET  FUELS 


PLUME  BOUNDARY 


► 


FIGURE  13.  PICTORIAL  PRESENTATION  OF  THE  FIRST  VORTICES 
FORMING  IN  THE  CONTACT  SURFACE  BETWEEN  TWO 
FLUIDS  FLOWING  AT  DIFFERENT  VELOCITIES 

4.  2.  3.  1  The  Motive  Fluid  Jet  Stream  Model 

For  high  pumping  efficiency,  it  appears  that  the  motive  nozzle  design  pressure 
should  be  high  enough  to  provide  a  velocity  indicative  of  flow  in  the  turbulent 
flow  region.  An  approximate  model  of  the  motive  nozzle  flow  and  entrainment 
process  can  be  established  by  reference  to  the  work  of  Pabst,  Corrsin,  Ruden, 
and  others  as  summarized  in  Reference  6.  These  studies  established  the 
velocity  and  temperature  profiles  in  a  round  air  jet  emerging  into  still-air. 

Figure  14  shows  an  approximate  "plume"  of  a  fluid  jet  as  it  emerges  from  the 
nozzle  exit  and  as  entrainment  occurs  at  various  stages  downstream  of  the 
nozzle  exit.  The  outer  line,  or  virtual  boundary,  of  the  jet  is  defined  as  the 
point  at  which  the  velocity  parallel  to  the  axis  is  10  percent  of  the  velocity  at 
the  axis  of  the  jet.  Initially  this  boundary  forms  a  cone  with  an  included  angle 
of  approximately  9°.  The  entrainment  process  continues  at  a  uniformly 
increasing  rate  to  a  point  four  to  six  nozzle  diameters  downstream  of  the 
nozzle  exit.  At  this  point  the  plume  boundary  expands,  forming  a  cone  with  an 
included  angle  of  approximately  18°  and  the  velocity  at  the  center  axis  of  the 
jet  begins  to  decrease  below  its  initial  value.  Further  entrainment  takes 
place  until  the  jet  velocity  at  the  center  axis  decays,  presumably  to  a  low 
laminar  flow  velocity.  It  appears  that  entrainment  occurs  in  two  definable 
stages.  Initial  entrainment  is  the  interaction  between  motive  fluid  from  the 
nozzle  and  the  secondary  fluid  occupying  an  area  extending  from  the  nozzle 
exit  to  a  region  four  to  six  nozzle  diameters  downstream  of  the  nozzle  exit. 

A  second  stage  of  entrainment  occurs  downstream  of  this  point  and  involves 
the  interaction,  not  only  of  the  motive  nozzle  fluid  and  surrounding  still-fluid, 
but  also  the  secondary  fluid  entrained  in  initial  entrainment  region.  It  appears 
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that  the  additional  interaction  is  the  essential  ingredient  for  the  increased 
pluming  effect  beyond  the  four  to  six  nozzle  diameter  downstream  point  in  the 
flow. 

The  model  presented  is  based  upon  motive  nozzle  flow  which  can  be  defined 
as  nearly  incompressible  and  turbulent  (Reynolds  numbers  from  approximately 
10,000  to  1,000,000  for  JP  type  fuels).  The  nozzle  is  convergent  with  a  sharp- 
exit.  The  flow  emerges  into  a  region  occupied  by  a  nearly  still-fluid  with  the 
same  physical  properties  as  the  nozzle  fluid. 

4.  2.  3.  2  Effect  of  Secondary  Flow  Approach  Velocity 

The  motive  nozzle  plume  model  of  Figure  14  is  based  upon  an  induced  flow 

approach  velocity  of,  theoretically,  zero.  As  axial  induced  flow  velocity  is 

increased,  the  motive  nozzle  plume  angle  decreases.  The  entrainment  process 

is  the  same  as  for  the  still-fluid  model,  at  least  in  theory,  except  that  for 

any  given  increment  in  time  the  process  occurs  over  a  longer  axial  distance, 

as  secondary  fluid  approach  velocity  is  increased.  For  the  constant  velocity 

cone  of  the  motive  nozzle  flow,  the  still-air  or  V  =0  condition  has  been 

s 

found  to  give  a  length  of  from  4  to  6d^.  For  V g  >  0,  the  constant  velocity 
cone  length  becomes  approximately  6dn/^  ^  (Reference  6), 

whe  re 


n 


Nozzle  bluntness  appears  to  affect  the  length  of  the  high  velocity  core.  The 
core  length,  as  observed  from  tests  of  various  nozzle  configurations,  is 
discussed  in  section  4.  2.  4.  4. 

4.2.  3.  3  Cavitation  and  Its  Effect  on  Induced  Flow  Approach  Velocity 

Cunningham  (Reference  1)  made  a  thorough  study  of  the  cavitation  phenomenon 
as  it  occurs  in  the  ejector.  From  tests  and  the  use  of  the  momentum  ex¬ 
change  theory,  he  established  a  relationship  for  predicting  the  limiting  flow 
ratio  which  an  ejector  of  given  area  ratio  can  attain.  Cavitation  appears  to 
depend  upon  the  ejector  geometry,  the  inlet  or  supply  pressure  to  the  ejector, 
the  motive  nozzle  pressure,  and  an  empirically  determined  Y  function.  The 
resultant  equation  for  limiting  flow  is 


Viewed  as  an  ejector  performance  phenomenon,  an  ejector  operating  at  a  fixed 
inlet  pressure  and  motive  nozzle  pressure  will  respond  to  decreasing  discharge 
pressure  (such  as  opening  a  downstream  throttling  valve)  by  an  increase  in 
induced  flow,  to  a  point.  Beyond  this  point  the  ejector  fails  to  respond  in  the 
predicted  manner.  The  induced  flow  fails  to  increase  in  response  to  a 
decrease  in  discharge  pressure. 
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Cunningham  observed  cavitation  in  a  special  ejector  made  of  plastic  and 
instrumented  with  static  pressure  taps  located  at  various  distances  down  the 
mixing  tube.  During  his  tests,  a  discrete  front  or  wall  of  cloudy  fluid  formed 
starting  near  the  throat  of  the  mixing  tube.  This  visual  observation  was 
accompanied  by  a  corresponding  sudden  increase  in  static  pressure  across 
this  front.  Increasing  the  nozzle  pressure  under  these  conditions  caused  the 
front  to  move  progressively  further  downstream  in  the  mixing  tube.  This 
cavitation  phenomenon  was  accompanied  by  a  high  pitched  whistling  sound  and 
the  visual  detection  of  large  quantities  of  air  bubbling  out  of  solution. 

The  oil  used  in  these  tests  was  known  to  contain  up  to  15  percent  by  volume  of 
dissolved  air.  Fuel  can  also  contain  relatively  large  amounts  of  air  in 
solution. 

The  release  of  air  dissolved  in  either  fuel  or  oil  is  caused  by  a  reduction  in 
static  pressure  of  the  surrounding  environment.  The  entrainment  process  is 
accompanied  by  a  corresponding  increase  in  induced  fluid  velocity.  Where  the 
motive  nozzle  is  located  close  to  the  throat  of  the  mixing  tube,  the  secondary 
or  induced  fluid  velocity  may  increase  to  a  very  high  value  because  of  the 
restricted  opening  available  to  flow  proceeding  to  the  throat  of  the  mixing 
tube.  Air  dissolved  in  the  liquid  will  come  out  of  solution.  The  higher  the 
induced  liquid  velocity,  with  a  resulting  decrease  in  static  pressure,  the  more 
air  will  be  evolved.  Induced  air  and  liquid  are  accelerated  as  the  entrainment 
process  proceeds  into  the  mixing  tube. 

The  sonic  velocity  of  air  is  approximately  25  percent  of  that  for  fuel  or  oil. 
Since  the  air  is  carried  along  with  the  liquid  at  equal  velocity,  the  assumption 
can  be  made  that  as  induced  flow  velocity  is  increased,  a  point  will  be  reached 
where  a  shock  front  caused  by  evolved  air  will  develop. 

For  a  perfect  gas,  the  critical  or  sonic  velocity  can  be  defined  as 


V 

c 


Vk§  Rc  TC 


whe  re: 


c 

k  -  ratio  of  specific  heats  — 

v 


Rc  =  gas  constant 


Tc  =  absolute  temperature  at  the  critical  conditibn 
Cunningham  defined  the  Y  function  as: 


-  y  _  b 

2g 


Y 


which  is  the  dynamic  pressure  of  the  induced  flow. 
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Vg^  for  air  =  Vg^  for  the  liquid  being  induced. 

Since  there  is  no  physical  reason  for  the  liquid  flow  to  be  choked  other  than 
the  presence  of  large  quantities  of  air  or  fuel  vapor, 


Y  = 


Ykg  R  T  Yk  R  T 

°  c  c  =  c  c 

2i~  2 


I 


Since 


P 

Y 


RcTc  for  a  perfect  gas 


Y 


Pk  R  T 
_ c  c 

2  R  T 
c  c 


k  =  1.4  approximately  for  air  at  room  temperature. 
Y  =  0.7P 


Assuming  the  fuel  in  the  ejector  inlet  is  flowing  at  low  velocity,  Pq  =  P  .  As 

the  velocity  increases  in  the  approach  to  the  mixing  tube,  and  assuming  neg¬ 
ligible  throat  entry  loss,  the  limiting  flow  condition  will  be  reached  at 


Y  =  0. 7  P 

o 

From  the  results  of  many  tests,  Cunningham  derived  the  empirical  relation¬ 
ship 


Y  =  0.  68  P 

o 

which  agrees  closely  with  the  assumed  condition. 

At  altitude,  or  under  conditions  for  extremely  high  nozzle  velocities,  pumping 
high  temperature  and/or  high  vapor  pressure  liquids,  the  above  relationship 
appears  to  yield  too  optimistic  an  induced  flow  rate.  Reference  7  refers  to 
tests  run  on  low-area  ratio  ejectors  using  nozzle  pressures  of  up  to  600  psig. 

The  fluid  used  was  JP-4  at  110°F.  In  these  tests  the  cavitation  limit  was 
reached  at  a  lower  induced  flow  than  that  indicated  using  equation  (8)  with 
Y  =  0.  68  P  .  In  this  case  the  light-ends  of  JP-4  fuel  boiling  out  of  solution 

could  cause  the  shock  phenomenon  of  limiting  flow.  Assuming  this  to  be  so 


Y  _  ]S  p  -  1-  Q34  p 

2  o  2  o 


0. 517  P 

o 
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The  value  for  k  was  calculated  using  the  relationships 


k  =  C  /C 
P  v 


whe  re 


C  =  C  -  — 
v  p  J 


=  778  Ft  Lb/Btu 
=  0.493  for  JP-4 
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Although  this  determination  of  the  Y  function  is  rather  crude,  close  agreement 
with  the  limiting  flow  achieved  during  the  tests  described  in  Reference  7  was 
found. 

Assuming  =  0,Po  =  +  Y.  The  static  pressure  in  the  area  of  the 

entrainment  region  should  be  maintained  above  a  value 


P  =  0.5P 
a  o 


where  the  gaseous  products  of  fuel  are  considered  to  exist  due  to  high  fuel 
vapor  pressure,  low  inlet  total  pressure  and  high  motive  nozzle  pressure. 

For  limiting  flow  conditions  due  to  air  entrainment  when  using  low  vapor  pres¬ 
sure  fuel  (such  as  JP-5)  the  static  pressure  can  be  lower. 


P  =  0.  3  P 
a  o 


The  limits  of  static  pressure  reduction  impose  definite  limits  on  the  induced 
flow  approach  velocity  and  thus  on  the  throat  entry  geometry  and  nozzle -exit 
to  throat-entry  spacing,  or  S  distance. 

For  *'  purpose  of  the  following  analysis,  it  is  assumed  that 


where 


S  =  the  constant  velocity  cone  length  =  j - — 
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For  JP-4, 


=  0.  5  P 


From  equation  (1)  and  the  relationship 


Vn  =  A 


2  g  (P.  -  P  ) 
6  l  o 

Y  (1  +  Kl) 


' g  PQ  Vd  +Kt) 

2g  V  (P.  -  PQ) 


'0.  5  (1  +  K.)  P 
_ 1 _ o 

^  -  c> 


s  = 


0.  5  (1  +  K.)  P 
_ ' _ 1  o 

P.  -  P 
1  o 


It  can  be  seen  from  this  equation  that  as  P.  -  Pq  is  increased,  the  plume 

model  must  approach  the  "still"  secondary  fluid  (V  =  0)  model  in  order  to 
prevent  limiting  flow  cavitation. 

Equation  (9)  can  be  used  to  determine  the  limiting  value  for  V  and  thus  define 
the  minimum  cross  sectional  area  of  the  ejector  inlet  plenum.  For  most 
cases  the  inlet  plenum  cross  sectional  area  should  be  larger  than  this  mini¬ 
mum.  Ideally,  the  plenum  should  be  infinite  in  cross  section  with  Vg  =  0. 

To  eliminate  gas  evolution,  all  entrainment  should  occur  before  the  induced 
flow  enters  the  restrictive  mixing  tube  throat. 

Referring  again  to  the  still-fluid  model  of  Figure  14,  the  entrainment  zone 
boundary  is  approximately  defined  by  the  motive  nozzle  plume  angles.  By 
placing  the  mixing  tube  throat  at  the  point  where  mixing  tube  diameter  d^ 

equals  the  plume  diameter,  as  shown  in  Figure  14,  the  condition  for  the 
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desired  degree  of  entrainment  will  be  fulfilled.  For  the  condition  where 

V  >0,  distance  S  in  the  plume  model  must  be  modified  to  accommodate  this 
s 

approach  velocity.  The  relation  previously  cited  should  be  used,  namely 


S 


6d 


n 


1  - (V  /V  ) 
s  n 


(11) 


If  the  plume  diameter  is  measured  at  the  point  S  and  compared  to  the  nozzle 
diameter,  it  is  found  that 


d 

-T2  =  0.5143  (12) 

V 


This  value  is  a  constant  which  can  be  used  for  any  value  of  V  /V  .  In  other 

7  s  n 

words  the  entrainment  reaction  always  occupies  the  same  cross  sectional  area 
at  the  point  S'  downstream  of  the  nozzle.  The  numerical  value  of  S  however, 
is  dependent  on  V  /V  .  (See  Equation  11.) 

It  is  interesting  to  note  that 


=  0.264 


From  many  literary  sources  comparing  rlmep  to  area  ratio,  b,  it  has  been 

established  that  ejectors  v/ith  area  ratios  from  0.  25  to  0.  3  give  the  highest 

mep  efficiencies.  It  is  probable  that  the  entrainment  process  is  most  efficient 

if  d  is  located  at  or  near  the  S  downstream  entrainment  point, 
m 

4.  2.  4  Ejector  Geometry 


From  the  previous  discussion  some  conclusions  as  to  proper  ejector  geometry 
can  be  reached,  especially  for  the  ejector  used  to  pump  high  vapor  pressure 
fuel  under  the  adverse  conditions  of  low  inlet  pressure  to  be  encountered  at 
high  altitude. 

4.  2.  4.  1  Ejector  Inlet  and  Throat  Entry  Geometry 

Because  of  the  cavitation  problem,  the  secondary  flow  velocity  in  the  approach 

to  the  entrainment  region  should  be  low.  Theoretically  the  entrainment  plenum 

should  be  infinite  in  cross-section  and  V  =0. 

s 
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An  approach  to  this  hypothetical  condition  can  be  achieved  by  designing  the 
plenum  with  as  large  a  cross  section  as  possible  and  allowing  all  entrainment 
to  take  place  before  the  mixed  flow  reaches  the  mixing  tube  throat. 

Since  there  is  a  rate  associated  with  dissolved  air  coming  out  of  solution  and/ 
or  fuel  vaporizing  due  to  reduction  of  static  pressure,  the  transition  from  the 
plenum  to  the  mixing  tube  must  be  accomplished  rapidly,  such  that  the  elapsed 
time  is  very  short.  Once  the  flow  has  entered  the  mixing  tube  the  static  pres¬ 
sure  will  gradually  increase  from  the  throat  to  the  discharge  port  of  the  ejec¬ 
tor,  inhibiting  further  vapor  evolution. 

A  number  of  throat  inlet  configurations  were  tested  under  this  contract.  Three 
of  these  configurations  are  shown  in  Figure  15.  Corresponding  performance 
curves  for  these  three  configurations  are  shown  in  Figure  16.  Best  pressure 
recovery  was  obtained  with  Configuration  1  and  best  flow  ratio  was  obtained 
with  Configuration  2. 

It  appears  that  a  short,  rounded  entry  would  produce  best  results.  The  throat 
entry  of  Configuration  2  most  nearly  conforms  to  this  configuration.  Figure 
16  shows  that  this  throat  entry  permitted  the  best  flow  recovery.  The  optimum 
nozzle  exit  to  throat  spacing  for  Configuration  2  was  approximately  3-11/16. 

Tests  were  run  which  varied  the  nozzle  to  throat  spacing,  S,  to  confirm  the 
assumption  that  optimum  S  is  that  length  at  which  the  entrainment  plume  diam¬ 
eter  equals  the  throat  diameter.  At  this  point,  best  flow  recovery  is  obtained. 
Configuration  1  appeared  to  provide  best  pressure  recovery  even  though  the 
nozzle  plume  extended  into  the  mixing  tube.  As  will  be  discussed  later,  it  is 
likely  that  high  pressure  recovery  was  achieved  because  the  mixing  tube  length 
more  nearly  approached  optimum  than  with  Configurations  2  and  3.  Note  that 
the  50%  V c  cone  for  Configuration  1  impinges  on  the  wall  of  the  mixing  tube 

very  near  the  end  of  the  tube  or  the  beginning  of  the  diffuser  (Figure  15). 

4.  2.  4.  2  Optimum  Mixing  Tube  Length 

Where  nozzle  to  throat  spacing  is  that  point  at  which  the  nozzle  plume  diameter 
equals  the  mixing  tube  diameter,  once  the  flow  has  entered  the  mixing  tube 
throat,  no  further  entrainment  is  possible.  Secondary  fluid  access  to  the  mix¬ 
ing  tube  is  blocked  by  the  boundary  of  the  entrainment  reaction  as  it  impinges 
on  the  throat  wall.  The  mixing  tube  serves  to  stabilize  the  flow,  by  establish¬ 
ing  an  equilibrium  axial  velocity  flow  profile.  For  turbulent  flow  the  equilib¬ 
rium  condition  exists  when  the  axial  velocity  near  the  wall  is  approximately 
50  percent  of  the  velocity  at  the  tube  center  line.  (Reference  8). 

Again  referring  to  the  motive  nozzle  plume  model  of  Figure  14,  the  50  percent 
velocity  cone,  with  its  apex  at  the  center  of  the  motive  nozzle  exit,  passes 
through  the  station  S  downstream  of  the  nozzle  exit  such  that 


(13) 


Extending  this  line  to  the  mixing  tube  wall  provides  a  downstream  point  where 
the  velocity  at  the  wall  is  50  percent  of  the  velocity  at  the  center  of  the  tube. 
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CONDITIONS: 
SEA  LEVEL 
JP-5  FUEL 


FIGURE  16.  PUMP  PERFORMANCE  FOR  CONFIGURATIONS 


At  this  point  the  flow  should  be  stabilized  sufficiently  that  the  constant  area 
mixing  tube  can  be  terminated. 


One  ejector  configuration,  tested  under  this  contract,  shows  that  the  throat 
entry  and  a  part  of  the  mixing  tube  were  made  of  acrylic  (See  Figure  17). 


FIGURE  17.  NOZZLE  AND  MIXING  TUBE  SECTION  OF  EJECTOR  PUMP  TEST  MODEL 

Visibility  into  the  ejector  permitted  some  estimations  to  be  made  concerning 
the  nozzle  plume  and  secondary  flow  aeration.  From  visual  observation,  the 
apparent  plume  half  angle  of  the  motive  flow  nozzle  was  determined  to  be 
approximately  9  to  10°.  The  downstream  change  of  plume  angle  is  extremely 
difficult  to  determine  visually,  due  mainly  to  the  flow  turbulence  at  the  entrain¬ 
ment  boundary.  Figure  17  shows  picturally  Configuration  1  of  Figure  15.  The 
motive  nozzle  used  with  this  configuration  was  blunt  at  the  exit  station.  Use 
of  a  blunt  nozzle,  instead  of  a  sharp  exit  nozzle,  apparently  has  the  effect  of 
shortening  the  S  initial  entrainment  distance.  The  velocity  ratios  experienced 

V 

ranged  up  to  approximately  —  =  0.  19.  Assuming  a  S'  shortening  from 

n 


S  1  -(V  /V  I  to  S 
s  n 


(V  /VJ 


the  resultant  apparent  plume  boundary  half 


angle  is  9°.  The  cone  for  the  =  50%  condition  as  shown  in  Figure  18 

gives  the  optimum  -p-  =  4.21.  Three  pump-down  runs  were  made  with  this 

m 

configuration,  varying  only  the  mixing  tube  length  as  shown  on  the  drawing. 
Motive  nozzle  flow  was  held  to  25.  5  ±.  0.  5  gpm.  The  results  of  these  runs  are 

shown  in  the  curves  of  Figure  19,  pressure  difference  ratio  versus  t — ,  at 
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FIGURE  19.  MIXING  TUBE  PERFORMANCE 


various  flow  ratios.  Depending  on  flow  ratio,  optimum  ^ —  occurs  at  values 

um 

from  4  to  4.  75.  At  the  high  flow  ratio,  4>  =  6.  5,  the  peak  occurs  at  g —  »  4.  2. 

m 

These  values  appear  to  confirm  the  theoretical  assumption  for  mixing  tube 
length  (at  least  for  this  configuration). 

A  mixing  tube  which  is  too  short  appears  to  more  adversely  affect  ejector  per¬ 
formance  than  a  mixing  tube  which  is  too  long.  Underdeveloped  flow  probably 
expands  abruptly  within  the  diffuser  rather  than  diffusing  gradually.  The 
resultant  flow  reversal  in  the  diffuser  creates  a  higher  pressure  loss  than  the 
added  wall  friction  encountered  in  greater  than  optimum  mixing  tube  length. 

4.  2.4.  3  Optimum  Diffuser  Configuration 

Since  the  flow  entering  the  diffuser  will  be  stabilized,  the  choice  of  diffuser 
angle  is  one  based  on  minimum  loss.  As  was  noted  in  Section  4.  2.  2.  4,  a 
conical  diffuser  with  a  cone  angle  of  6°  (3°  half  angle)  gives  minimum  loss. 
This  will  result  in  a  long  diffuser  which  would  be  more  difficult  to  adapt  to 
some  aircraft  installations.  Increasing  the  diffuser  angle  to  a  value  equal  to 
the  50%  V  angle  of  the  nozzle  plume  will  probably  still  give  satisfactory  per¬ 
formance  without  flow  reversal,  i.  e.  ,  abrupt  expansion  loss  in  the  diffuser. 
For  the  test  ejector  shown  in  Figure  18,  a  diffuser  cone  angle  of  12°  would 
probably  be  satisfactory,  although  the  diffuser  actually  used  had  a  cone  angle 
of  8°. 


4.  2.4.  4  Optimum  Motive  Nozzle  Configuration 

Figure  20  shows  some  of  the  motive  flow  nozzles  used  during  testing  under 
this  contract.  Also  included  is  the  theoretical  sharp  nozzle  on  which  the 
"still"  induced  flow  plume  model  is  based.  For  the  V  =0  condition  the  exter- 

nal  shape  of  the  nozzle  has  no  significant  effect  on  S.  However,  for  Vg  >  0, 

even  though  Vg  may  be  small,  the  effect  of  external  nozzle  surface  divergence 

angle  and  the  bluntness  of  the  nozzle  exit  will  affect  S.  For  this  case,  the 
ideal  nozzle  configuration  must  have  an  external  shape  which  prevents  second¬ 
ary  flow  separation  at  the  nozzle  exit  and  introduces  this  flow  parallel  to  the 
motive  flow.  Ideally  such  a  nozzle  will  have  an  infinitesimally  thin  wall  at 
the  exit.  A  nozzle  configuration  approaching  the  ideal  nozzle  would  be  difficult 
to  fabricate  and  impractical  for  service  because  of  susceptibility  to  handling 
damage.  The  nozzles  of  Configuration  2  required  car  in  handling  to  avoid 
denting  the  sharp  edge. 


The  nozzle  discharge  coefficients  for  the  various  nozzle  configurations  were 
calculated  at  the  Reynolds  number  shown  in  the  table  accompanying  Figure  20. 
The  nozzle  dimensions  are  given  either  in  the  figure  or  the  accompanying 
table.  No  distinct  trend  toward  optimum  nozzle  configuration  is  apparent.  It 
appears  that  internal  conical  convergence  angles  of  20°  and  30°  (10°  and  15° 
half  angle)  provide  approximately  equal  performance. 


d  / d  ratios  as  low  as 
n  p 

0.208  did  not  appear  to  adversely  affect  nozzle  performance.  Testing  accom¬ 
plished  under  this  contract  appears  to  substantiate  the  use  of  a  nozzle  loss 
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coefficient  Kj  £  0.  1  as  advised  by  Cunningham  (Reference  1)  for  high  Reynolds 
number  flow. 

The  nozzle  external  configuration  may  depend  upon  other  ejector  geometric 
considerations  such  as  inlet  plenum  size  and  area  ratio.  From  nozzle  testing, 
it  may  be  concluded  that  the  combination  of  shallow  diffusion  angle  (15°  half 
angle)  and  sharp  exit  provide  a  larger  S  high  velocity  core  distance.  None  of 
the  nozzles  tested  attained  the  S*  =  6dn  length  assumed.  Even  in  reference  6 

there  is  a  question  as  to  the  exactness  of  this  value.  It  appears  that  for  most 
practical  nozzle  designs  S  =  4dn  to  4.  5d^  would  yield  satisfactory  design 

V 

g 

results  for  the  —  0  case. 

n 

4.2.5  Performance  Results 

Three  different  configurations  of  the  simple  ejectors  tested  are  shown  in  Figure 
21.  Figures  22,  23  and  24  show  the  N  versus  tj>  performance  curves  obtained 
for  these  configurations.  Two  performance  curves  are  shown  for  each  config¬ 
uration.  The  optimistic  curve  was  derived  by  analysis  using  loss  coefficients 
determined  by  methods  described  in  Section  4.2.2.  Test  results  are  indicated 
by  coded  points  and  a  faired  curve.  All  tests  were  limited  to  maximum  of  500 
psi  nozzle  pressure  as  this  was  determined  to  be  the  operating  range  of  main 
engine  fuel  pumps. 

The  deviation  from  analytical  prediction  is  apparent.  The  ejector  loss  coeffi¬ 
cient  determined  at  various  test  data  points,  varied  from  a  low  of  about 

0.  38  to  a  high  of  approximately  0.  75.  In  determining  from  tests,  was 

calculated  from  the  test  data,  K.,  was  assumed  to  be  zero  and  K_  .  was  calcu- 

lated  using  equation  (2).  Since  may  have  a  discrete  value  for  the  throat 

inlet  used,  the  values  of  may  be  somewhat  pessimistic.  However,  from 

visual  observation  through  the  acrylic  parts  of  the  ejector  during  tests,  it 
would  appear  that  the  high  value  of  was  more  a  function  of  the  aeration  of 

the  induced  flow  rather  than  a  high  throat  entry  loss.  The  effect  of  a  shallow 
convergent  cone  angle  throat  entry  permitted  relatively  large  quantities  of 
entrained  air  to  come  out  of  solution  due  to  the  high  approach  velocity  of  the 
induced  flow.  At  high  induced  flow  rates,  the  interior  of  the  ejector  throat  and 
mixing  tube  were  completely  obscured  by  foamy  fluid.  Ever,  with  the  ejector 
flow  throttled  to  a  low  flow  ration,  aeration  was  visible. 

Induced  flow  aeration  was  also  a  function  of  motive  nozzle  pressure.  At  200 
psi  nozzle  pressure,  the  throat  entry  and  mixing  tube  were  relatively  clear 
(See  Figure  17).  Increasing  the  nozzle  pressure  produced  increasing  cloudi¬ 
ness  in  the  throat  entry  section.  At  500  psi  nozzle  pressure,  this  cloudiness 
was  present  almost  to  the  4>  =  0  throttled  condition.  Multi -phase  or  aerated 
flow  is  known  to  substantially  increase  losses  in  piping  systems.  It  would 
appear  that  this  is  the  basic  reason  for  deviation  of  the  loss  coefficient,  K^, 
from  that  assumed  for  all-liquid  flow. 
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FIGURE  23.  EJECTOR  PERFORMANCE 

The  case  of  the  b  =  0.0163  ejector  tested,  Figure  23,  is  of  particular  interest 
here.  The  mixing  tube  length  for  this  configuration  was  very  near  optimum. 
The  loss  coefficient  (K^)  —  0.  38  at  low  flow  ratios  and  =  0. 7  at  a  flow  ratio  of 

7.85  using  300  psig  nozzle  pressure.  Extrapolating  the  test  curve  to  <(>  =  0 
gives  an  N  value  equal  to  the  analytical  point  using  K34  =  0,  2. 

It  would  appear  that  high  induced  flow  velocity  initiates  flow  aeration,  in  this 
case,  at  a  relatively  low  flow  ratio.  Flow  aeration  has  a  marked  effect  on 
ejector  performance.  This  appears  to  substantiate  the  design  need  for  a  large 
inlet  plenum  and  short  throat  entry.  The  plenum  diameter  to  throat  diameter 

d 

ratio  for  these  ejectors  was  -j —  =  2.  67.  This  ratio  appears  to  be  inadequate 

m 

even  using  a  short  throat  entry.  This  ratio  is  discussed  further  in  Section 
4.  5.  1. 
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FIGURE  24.  EJECTOR  PERFORMANCE 

For  any  given  ejector  geometry  with  a  finite  plenum  diameter,  the  effect  of 

throttling  the  ejector  outflow  is  manifest  in  a  change  in  motive  nozzle  plume 

angle.  As  induced  flow  is  reduced,  the  nozzle  plume  angle  tends  to  increase. 

This  change  is  predicted  by  Equation  (11).  A  reduction  in  V  decreases  the 

s 

ratio  V  /V  ,  which  in  turn,  reduces  S.  The  entrainment  reaction  occurring 
s  n 

at  the  S  station  takes  place  closer  to  the  nozzle  exit.  Since  the  reaction 
occupies  the  same  area  (as  defined  by  Equation  (12)  )  the  effect  is  an  increase 
in  plume  angle.  An  increase  in  motive  nozzle  pressure,  thus  increasing  V 

n 

while  maintaining  induced  flow  at  a  constant  level,  produces  the  same  effect. 
Both  of  these  cha rarte  ri Stic s  were  confirmed  visually  during  the  testing  pro¬ 
gram.  For  an  ejector  required  to  operate  at  a  number  of  flow  points,  as  in 
an  aircraft  engine  feed  system,  the  above  characteristics  have  an  important 
bearing  on  ejector  geometry.  Where  the  plenum  diameter  is  large  with  respect 
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to  mixing  tube  diameter  (V  small)  plume  changes  will  be  minimal.  However, 
where  the  plenum  diameterSis  small,  plume  changes  will  require  a  reduction 
in  nozzle  exit  to  throat  spacing  to  permit  efficient  operation  at  low  flow  ratios. 
The  effect  of  too  large  an  S  spacing  at  reduced  flow  ratios  is  a  decrease  in 
pressure  recovery  due  to  plume  splatter,  where  a  part  of  the  plume  misses 
the  throat  entry.  Configuration  3  of  Figure  15  shows  this  condition.  The  per¬ 
formance  curve  of  Configuration  3  (Figure  16)  substantiates  this  conclusion. 

4.3  THE  ANNULAR  EJECTOR 

A  definition  of  the  term  annular  ejector  is  required  before  any  discussion  of 
this  device  is  presented.  For  purposes  of  this  report,  an  annular  ejector  is 
one  using  an  annulus  slot  motive  flow  nozzle  which  discharges  the  motive  fluid 
into  either  an  annular  throat  or  a  circular  throat.  The  motive  nozzle  slot  may 
be  located  near  the  plenum  wall  or  at  some  intermediate  radial  distance 
between  the  wall  and  the  pumps  axis  of  symmetry.  Some  of  the  possible 
arrangements  are  shown  in  Figure  25.  Under  this  definition  the  annular  ejec¬ 
tor  discharges  the  mixed  fluids  into  a  circular  pipe. 

All  of  the  combinations  shown  in  Figure  25  were  tested.  Of  those  shown,  Con¬ 
figuration  4  gave  best  results.  Most  of  the  following  discussion  will  be  con¬ 
cerned  with  this  configuration.  Configuration  1  was  very  poor.  The  converg¬ 
ing  ramp  entry  to  the  throat  appeared  to  hamper  the  entrainment  process. 
Considerable  turbulence  was  evidenced  during  operation  of  this  configuration. 
Configuration  2  and  a  modification  of  this  configuration  using  a  centerbody  (as 
shown  in  Configuration  4)  gave  some  improvement.  However,  the  presence  of 
a  wall  in  close  proximity  to  the  motive  flow  appeared  to  hamper  entrainment 
even  though  the  wall  was  parallel  to  the  motive  flow.  The  performance  of  Con¬ 
figuration  3  more  nearly  approached  analytical  prediction  based  on  classical 
momentum  relationships  than  did  Configurations  1  and  2.  The  performance 
was  poor  due  to  the  low  area  ratio.  The  addition  of  a  centerbody,  as  shown  in 
Configuration  4,  raised  the  area  ratio  and  improved  the  performance  very 
much. 

Figure  26  shows  the  performance  of  an  annular  ejector  based  on  Configuration 
4.  A  comparison  curve  of  the  anticipated  performance  for  a  simple  ejector  is 
also  shown.  The  annular  ejector  curve  indicates  poorer  performance.  Further 
study  and  testing  of  this  type  of  ejector  is  required  to  find  a  configuration  which 
will  provide  performance  which  more  nearly  matches  that  of  the  analytical 
curve.  One  of  the  significant  factors  concerning  these  curves  is  the  close  par¬ 
allel  between  them,  which  indicates  that  accurate  estimation  of  the  losses 
(K j ,  K^,  and  K34>  should  enable  the  designer  to  predict  annular  ejector  per¬ 
formance  using  the  same  basic  equations  (Equations  (1)  through  (4)  )  as  are 
used  for  simple  ejectors. 


4.  3.  1  The  Annular  Motive  Flow  Nozzle  Plume  Model 

From  the  results  of  the  tests  described  in  Reference  9,  the  annular  nozzle 

plume  model  is  approximately  the  same  as  was  presented  for  the  roundjet  in 

Section  4.2.  3.  1  with  the  exception  that  the  slot  width  d  becomes  c  .  S,  the 

r  n  n 

length  of  the  high  velocity  core,  was  shown  to  be  approximately  4.5  cn>  This 
is  dependent  upon  the  relative  bluntness  of  the  nozzle.  Thus,  the  geometry  of 
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CONFIGURATION  4 


FIGURE  25.  ANNULAR  NOZZLE  PUMP  CONFIGURATIONS 


ANNULAR  NOZZLE  EJECTOR 


ANNULAR  EJECTOR  PERFORMANCE  OF  CONFIGURATION  NUMBER  FOUR 


the  annular  ejector  is  governed  by  similar  considerations  discussed  for  the 
simple  ejector,  only  based  upon  slot  width  considerations  rather  than  nozzle 
diameter. 

£ 

For  the  annular  motive  nozzle  with  a  sharp  exit  —  ^  4.  5  for  V  =0.  The 

n 

above  assumption  is  based  upon  information  from  Reference  9.  Figure  27 


FIGURE  27.  CENTER  LINE  VELOCITY  (Vs  =  0) 


shows  the  centerline  velocity  decay  for  the  annular  and  round  jet,  based  upon 
the  information  obtained  from  the  above  reference  for  the  slot  nozzle,  and 
Reference  6  for  the  round  nozzle.  From  the  figure  it  appears  that  the  high 
velocity  cone  length  is  the  same  for  both  slot  and  round  nozzles.  The  velocity 
decay  rate  is  lower  for  the  slot  nozzle  beyond  the  high  velocity  cone  point. 
Thus,  the  second  phase  on  entrainment  and  mixing  takes  place  at  a  lower  rate. 
This  does  not  appear  to  affect  the  50%  Vc  cone  angle.  Comparison  between 
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the  cone  geometry  for  the  round  jet  and  the  slot  jet  show  negligible  difference. 
It  may  be  that  nozzle  exit  to  throat  entry  spacing,  S,  for  annular  ejectors  with 
area  ratios  less  than  0.  265  needs  to  be  slightly  larger  than  for  the  equivalent 
simple  ejector,  in  order  to  provide  equivalent  flow  ratio.  Further  investiga¬ 
tion  is  necessary  to  determine  optimum  ejector  configuration  and  establish 
the  criteria  for  optimization. 

4.3.2  Annular  Nozzle  Performance 

Only  one  basic  annular  nozzle  was  used  in  testing  under  this  contract.  The 
nozzle  calibration  curve  has  been  previously  presented  in  Figure  8.  The  noz¬ 
zle  discharge  coefficient  for  this  configuration  was  approximately  0.  97,  which 
is  comparable  to  round  nozzles  tested  under  this  contract.  The  original  noz¬ 
zle,  shown  in  Configuration  3,  Figure  25,  was  quite  blunt  at  the  exit  station. 
The  nozzle  was  later  modified  as  shown  in  Configuration  4  Figure  25.  Con¬ 
siderable  improvement  in  ejector  performance  was  attained  by  this  change  as 
shown  in  Figure  28.  This  improvement  is  attributed  mainly  to  the  increase  in 
S  length  attained  with  the  sharp  exit  configuration. 


FLOW  RATIO,  0 


FIGURE  28.  COMPARATIVE  PERFORMANCE  ANNULAR  EJECTOR  WITH  BLUNT  NOZZLE  EXIT 
AND  WITH  SHARP  NOZZLE  EXIT 


4.  4  ALTITUDE  AND  TEMPERATURE  EFFECTS  ON 
EJECTOR  PERFORMANCE 

To  determine  the  effects  of  altitude  change  on  ejector  performance,  a  series 
of  simulated  aircraft  climbs  were  made.  The  results  of  these  climb  tests  are 
shown  in  Figure  29.  The  ejector  used  for  these  tests  is  shown  in  Figure  15. 
Configuration  3,  with  a  nozzle  exit  to  throat  spacing  S  =  3-11/16.  The  actual 
pump  used  is  shown  in  Figure  37.  The  climb  procedure  was  as  follows.  The 
ejector  was  operated  at  sea  level  and  throttled  to  obtain  maximum  pressure 
at  the  maximum  flow  ratio  point.  Maintaining  this  condition  the  supply  and 
receiver  tank  pressures  were  reduced  to  simulate  a  desired  altitude. 

Tank  pressure  altitude  was  changed  in  accordance  with  a  time  schedule  as 
shown  in  Figure  30.  The  tank  pressure  variation  was  based  on  a  typical  high 
speed  fighter  which  would  climb  from  sea  level  to  60,  000  feet  in  five  minutes. 
The  tank  altitude  pressure  was  corrected  by  adding  5  psi.  The  5  psi  was 
introduced  as  a  requirement  to  prevent  135°F  fuel  boil-off  in  excess  of  2  per¬ 
cent  as  specified  in  MIL-F -17874. 

Three  runs  were  made,  using  JP-5,  at  various  temperatures  as  noted  in  Fig¬ 
ure  29.  Tq  is  the  average  ejector  inlet  fuel  temperature  and  T^  the  average 

motive  nozzle  fuel  temperature  for  the  run.  One  run  was  made,  using  JP-4, 
with  an  ejector  inlet  temperature  of  130°F  and  motive  nozzle  temperature  of 
178°F  average.  Temperature  variation  for  the  runs  was  10°F  or  less.  An 
additional  run,  not  shown  on  Figure  29,  was  made  with  JP-5  at  10°F.  Flow 
ratios  for  this  run  corresponded  closely  with  the  -30°F  JP-5  cold  test  shown 
in  Figure  29. 


Ejector  pressure  rise  was  set  at  sea  level.  The  pressure  at  maximum  flow 
ratio  is  shown  in  the  following  table  with  corresponding  nozzle  pressure. 


Nozzle  Pressure 

Ejector  Pressure  Rise 

Maximum 
Flow  Ratio 

Test. 

Pi  "  Po’  psig 

pd  -  Po-  psi 

405 

34 

1. 76 

JP-5 

ambient 

380 

26 

1.97 

JP-5 

cold 

405 

32 

1.71 

JP-5 

hot 

400 

37 

1.  58 

JP-4 

hot 

A  plot  of  equation  (8)  for  limiting  flow  due  to  cavitation  is  shown  in  Figure  29, 
for  Y  =0.7  PQ  and  Y  =  0.5  Po.  The  value  of  Ki  used  was  0.  1.  The 
cavitation  predictions  correspond  well  for  Y  =0.7  Pq  and  the  JP-5  cold  and 
ambient  runs.  For  the  hot  JP-5  and  JP-  \  runs,  the  Y  =  0.  5  PQ  prediction 
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FIGURE  2*.  CLIMB  TEST  PERFORMANCE 

is  somewhat  optimistic.  Due  to  the  climb  rate,  insufficient  time  for  vapor 
boil-off  in  the  tank  may  have  provided  a  supersaturated  fuel-vapor  solution 
in  the  entrainment  region  of  the  ejector. 

Visual  observation  of  the  ejector  entrainment  region,  during  these  hot  climb 
tests,  indicated  the  presence  of  a  large  volume  of  vapor  trapped  in  the  area 
between  the  extended  part  of  the  mixing  tube  and  the  plenum  (see  Figure  15). 
From  visual  observation  it  appeared  that  the  volume  of  vapor  increased  until 
some  vapor  was  forced  into  the  nozzle  plume.  The  vapor  was  entrained  in 
large  quantities  as  altitude  was  increased.  Vapor  entrainment  was  unsteady 
creating  an  ejector  discharge  pressure  surge.  Ejector  discharge  pressure 
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FIGURE  30.  ALTITUDE  CLIMB  SCHEDULE 


decreased  from  a  reasonable  value  to  zero  and  back  again.  The  pressure 
cycling  was  fairly  rapid,  on  the  order  of  one  cycle  per  every  2  to  3  seconds. 
This  condition  was  probably  the  cause  of  the  deterioration  in  performance 
below  that  anticipated.  Vapor  collection  can  be  reduced  by  eliminating  the 
trapping  area. 

The  hot  JP-4  and  hot  JP-5  acted  very  nearly  the  same  during  the  climb  test. 
This  is  attributed  to  the  tank  pressurization  which  prevented  boiling.  On  the 
JP-4  tests,  when  attempting  to  reduce  the  tank  pressure  below  that  used  for 
60,000  feet  plus  5  psi  (6  psia),  the  fuel  began  to  boil  with  a  rapid  degradation 
in  performance. 

An  altitude  test  was  performed  using  the  annular  ejector  configuration  as 
shown  in  Figure  25,  configuration  4,  except  that  nozzle  to  throat  spacing,  S, 
was  approximately  0.  6.  This  spacing  appeared  to  be  larger  than  optimum. 


The  results  of  the  altitude  test  are  shown  in  Figure  31.  The  test  results 
conform  closely  to  the  predicted  performance  using  equation  (8)  with 
Y  =  0.  7  P0.  No  time  schedule  or  tank  pressurization  was  used  for  this 
altitude  test.  Nozzle  flow  was  maintained  at  85  gpm  throughout  the  run.  As 
maximum  flow  ratio  decreased  with  altitude  the  ejector  was  throttled  to  obtain 
maximum  discharge  pressure  at  maximum  flow  ratio.  The  maximum 
pressures  followed  the  normal  pump-down  curve  as  would  be  expected. 

These  tests  appear  to  confirm  Cunningham's  (Reference  1)  observations  on 
the  cavitation  phenomenon.  Cavitation  can  be  predicted  with  reasonable 
accuracy  by  the  use  of  equation  (8)  and  the  use  of  proper  Y  function  values. 

The  cavitation  phenomenon  has  the  same  effect  on  annular  ejector  performance 
as  on  simple  ejector  performance. 


MAX  FLOW  RATIO,  0  L 

FIGURE  31.  ANNULAR  EJECTOR  ALTITUDE  FERFORMANCE 
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4.5  EJECTOR  PUMP  COMBINATIONS 

There  are  innumerable  combinations  of  ejectors  which  can  be  considered. 
Some  of  the  combinations  considered  under  this  contract  are  described  in  the 
following  discussion.  All  can  be  listed  in  the  following  categories: 

a.  Series  induced  flow  ejectors 

b.  Series  staged  ejectors 

c.  Series  parallel  staged  ejectors 

d.  Dual  operation  ejectors 


4.5.1  Series  Induced  Flow  Ejector 

A  series  induced  flow  ejector  is  one  using  a  single  motive  flow  nozzle  in 
which  induced  flow  is  entrained  in  steps.  This  type  of  ejector  has  two  or 
more  mixing  sections.  Such  an  ejector  with  two  steps  of  entrainment  is 
shown  in  Figure  32.  Motive  flow  entrains  fluid  in  the  first  stage.  The  mixed 
flow  of  the  first  stage  is  then  used  as  motive  flow  for  the  second  stage.  Thus, 
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The  equation  for  N  can  be  modified  to 
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Since  the  discharge  pressure  of  the  first  stage  is  essentially  the  motive 
nozzle  pressure  of  the  second  stage 

(Pi  ■  Po>2  =  <Pd  -  Po>l 

The  total  pressure  difference  ratio  for  the  pump  combination  is 


N, 


*Pd  ‘  ^o*2 


(f>i  ’  Pc>  -  <Pd  -  fo>2 


by  mathematical  manipulation 


N, 


N1N2 


1  +  Nj  +  N2 


In  the  above  equations  it  has  been  assumed  that  the  inlet  pressure  of  both 
stages  is  approximately  the  same.  Thus 

f>  .  =  P  , 

ol  o2 

Reference  10  presents  a  system  which  is  similar  to  that  being  discussed  here 
in  which  two  separate  ejectors  are  plumbed  to  provide  a  system  comparable 
to  that  of  Figure  32.  The  relationship  of  the  first  stage  to  the  second  stage 
as  derived  was  determined  by  the  ratio  of  the  first  stage  motive  nozzle  diam¬ 
eter  to  the  second  stage  nozzle  diameter.  The  resultant  equation  is 


m  /  i  Y/2  /  Ni  ' 

n2  V  +  V  V  +  Nl, 


1/4 


(1  +  K1)1 
(1+Kl>Zj 


1/4 


(16) 


The  equation  is  derived  from  the  motive  nozzle  pressure  drop  ratio 
(equation  (1))  of  the  first  stage  to  the  second  stage, 

P.  -  P  ).  (P.  -  P  )_ 
i  o' 1  '  i  o  2 

Assuming  the  motive  nozzle  loss  coefficients  of  both  stages  are  the  same 

1/2  /  KT  \  1/4 


u-(a) 


N 


1 


1  +  N 


(17) 
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For  the  case  of  Figure  32,  d^  =  dmj.  Thus  equation  (17)  becomes 


dnl  /  1  \1/2  (  N1  \ 

^  v  +  W  V1  +  Ni/ 


d 

d 


1/4 
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In  this  specialized  case  b^b^  =  b^,  where 


or  the  overall  area  ratio  of  the  ejector  combination.  In  accordance  with 
Reference  10,  the  first  stage  will  operate  at  one  point  which  is  the  point  of 
intersection  of  the  N  versus  0  character-curve  for  the  first  stage  and  a  plot 
of  equation  (17).  Such  a  plot  is  shown  in  Figure  33  for  the  configuration  of 
Figure  32.  The  intersection  point  gives  Nj  =  0.  1 16  and  0j  =  2.  32.  At  this 
point  0  2  =  0.  Thus,  the  second  stage  will  start  to  entrain  fluid  at  the  point 
where  0i  =  2.  32  =  0'p.  Throttling  the  ejector  to  a  flow  ratio  less  than 
0|  =  2.  32  will  result  in  recirculation  of  induced  fluid  between  the  second  and 
first  stages.  The  value  of  Nj.  at,  say  0j  =  0j  =  1  will  be  a  function  of  the 
pressure  balance  between  the  feed  line  pressure  drop  and  the  pressure  drop 
of  the  recirculation  path;  i.  e.  ,  the  fluid  back  flow  from  the  second  stage  to 
the  first  stage. 

Test  results  for  the  ejector  configuration  of  Figure  32  as  shown  in  Figure  34. 
During  the  tests,  the  ejector  was  throttled  to  the  0£  -  0  point  by  visually 
observing  the  flow  through  the  acrylic  parts  of  the  pump.  The  point  at  which 
second  stage  induced  flow  stopped  is  noted  in  Figure  34.  The  flow  ratio  at 
that  point  was  approximately  3.  94.  The  two  curves  are  for  a  motive  nozzle 
pressure  of  100  and  300  psig. 

It  is  apparent  that  the  0^=0  does  not  match  that  anticipated  by  equation  (17). 
N,p  =  0.0149  for  the  300  psig  nozzle  pressure  curve  at  the  0^  =  0  point;  at 
100  psig  nozzle  pressure  the  corresponding  =  0.0316.  Since  the  area 
ratio  of  the  second  stage  is  b  =  0.  Ill,  at  the  0^  =  0  point,  £  0.  260 
(Kj  =  0.  1,  K34  =  0.  25).  From  equation  (15); 


_  (0.0149)  (1.260)  _  , 

N1  (300) - 07245  '  °'0765 


N 


1  (100) 


(0.0136)  (1.260)  _  ,  ( 

- 07245 - °'0696 


(PH  -  P  J 

a  o  . 


(0.0765)  (300) 
(300)  '  1. 0765 


21.4  psi 


<Pd-Po>. 


(100) 


(0.0696)  (100)  .  . 

=  - 1.0696  =  6'5psi 
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CURVES  FOR  SERIES  INDUCED  PUMP 
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Since  there  is  no  induced  flow  at  the  second  stage,  the  pressure  drop  from  the 
second  stage  nozzle  to  the  ejector  discharge  is,  from  equation  (3); 


(V*o> 

(5VPd>2  ■  OW,  -  'W,  -  (TTkX  [1+K1  •  2b2+<ltK34»2b22] 

Since  K,  has  been  assumed  to  be  0.  1  and  K,.  =  0.25 
1  _  _  34 

<pd-p0> 

-  (?d-Po)2  =  TTT^  [>• 1  •  °-222  +  °-°15-0 
'Pd’Po',  -  'pd-?o>2  *  °'81  <Pd-P0>, 

(Pd-Po>2  *  °-,’<Pd-Po»1 

For 

(Pd-Po'j  ”  21-4Psi 

(P^-P^  =  4.06psi 

2 

For 

(P,  -P  )  *6.5  psi 

d  o  j 

(P, -P  )  =  1.23  psi 

d  °  2 


From  test  data  for  thc^e  points  (pd_pQ)  =  4.  4  psi  and  1. 34  psi  for  motive 

2 

nozzle  pressures  o.  iOO  and  100  psi  respectively.  Since  the  pressures  calcu¬ 
lated  from  the  assumed  K  values  are  lower  than  test  values  it  is  assumed 
that  the  losses  were  actually  less  than  those  assumed. 


Substituting  f1  <=st  values  for  calculated  values  of  pressure 


(300) 


4.4  =  21.4  (1-K  ) 
e 


<Pd-Po>2 


(100) 


1.  34  =  6.  5  (1-K  ) 
e 


1-K  “  0.206  for  both  cases, 

e 
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The  second  stage  abrupt  expansion  loss  is  thus  Kg  =  0.  794.  A  much  used 
expression  for  abrupt  expansion  loss  gives  the  total  loss, 


For 


[.-£1 

2 

• 

3 

= 

1  -  b 

, 

2 

b  =  0.111,  Kg  s  fo.  889I  a  0.  79 


(18) 


This  expression  simplifies  analysis  procedure  by  eliminating  the  need  for 
laborious  trial  and  error  calculation  using  various  assumed  values  of  and 

K^.  It  is  only  applicable  at  the  ejector  condition  of  0  =  0,  however,  and 

only  applicable  for  the  nozzle  to  ejector  discharge  pressure  drop. 


From  the  results  of  these  tests,  it  would  appear  that  the  first  stage  of  the 
ejector  sees  the  second  stage  as  only  an  additional  pressure  drop  in  the  feed 
system.  The  first  stage  will  always  operate  at  its  maximum  capacity  com¬ 
mensurate  with  the  pressure  drop  requirements  dictated  by  second  stage  and 
feed  line  conditions.  Since  test  data  appear  to  confirm  the  constant  value  for 
K  for  equation  (18),  it  is  relatively  easy  to  estimate  the  second  stage  loss 
and  add  it  to  the  feed  line  loss  when  determining  the  first  stage  operating 
point.  Before  the  second  stage  will  begin  to  pump  fluid,  a  discrete  pressure 
drop  across  the  stage  must  exist.  The  loss  coefficient  describing  this  pres¬ 
sure  drop  is  a  constant  for  any  given  value  of  area  ratio,  b. 

Another  configuration  tested  had  a  first  stage  area  ratio  bj  =  0.  052.  The 

second  stage  area  ratio  was  the  same  as  the  configuration  shown  in  Figure  32, 
b^  =0.111.  The  points  of  operation  at  0^  =  0  are  as  shown  below. 

(Pi-PG)i  *x  nt 

298  psi  2.64  0.0145 

400  psi  2.42  0.0149 

495  psi  2.53  0.0145 


Since  “  0.260  at  0£  =  0,  the  results  shown  are  quite  consistent  with  results 

obtained  for  the  first  configuration  except  that  flow  ratios  are  less.  These 
flow  ratios  are  quite  realistic  for  the  first  stage  area  ratio  used.  Referring 
to  Figure  7  for  a  b  =  0.05  configuration  and  an  0.076,  the  flow  ratio  is 

approximately  0^  =2.5. 
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The  series  induced  flow  ejector  configuration  was  considered  under  this 
contract  because  it  appeared  to  offer  a  method  of  overcoming  cavitation.  The 
overall  performance  of  this  configuration  does  not  appear  to  be  an  improve¬ 
ment  over  an  equivalent  simple  ejector.  Instead,  a  penalty  is  paid  for  the 
additional  entrainment  and  mixing  process  required  by  staging. 

From  Cunningham's  equation  (Reference  1)  for  limiting  flow  ratio  due  to 
cavitation  (equation  (8)),  values  of  limiting  flow  can  be  calculated  for  the 
first  stage  of  the  configuration  shown  in  Figure  32.  A  comparison  is  shown 
below  between  these  calculated  values  and  the  test  values  obtained  for  =  0. 


Y,  in  equation  (8)  is  assumed  to  be  0.  7Pq  j. 


Motive  Nozzle  Pressure: 


<Pl-Fo>l 


0. 0973 


0,  T  calculated 
1 L 


3.20 


0j  test 


3.94 


0. 0973 


3.92 


It  is  apparant  that  the  first  stage  operation  points  exceeded  those  anticipated, 
considering  the  effects  of  cavitation  for  both  nozzle  pressure.  From 
Figure  32  note  that  the  nozzle  plume  diameter  matches  the  mixing  tube  diam¬ 
eter  at  the  throat  entry,  thus  indicating  an  optimum  S  spacing.  In  addition, 
the  flared  tube  throat  entry  is  close  to  an  optimum  radiused  configuration, 
and  is  short.  The  ratio  of  plenum  diameter  to  throat  diameter  is 

d  A 

^  =  *=■  ■  M 

m  m 

At  the  =  3.92  condition,  using  300  psi  nozzle  pressure,  the  induced  flow 
rate  was  20,  700  pounds  per  hour;  Vg  -  1.29  ft/sec; 


5^*0.006 

n 

The  limiting  flow  velocity  ratio,  from  equation  (9),  modified  for  JP-5  air 
evolution  is 


0.7  (1+Kj)  P( 
P.  -  P 


=  0.194 


...  . 


The  ratio  of  these  two  values  is 


XTest  _  0.006 
\L  "  0.194 


0.031 


Thus  it  appears  that  a  ratio  of  about  0.03  eliminates  cavitation  problems,  at 
least  up  to  flow  ratios  of  4. 

It  is  of  interest  to  note  that  the  second  stage  mixing  tube  and  diffuser  was  the 
same  part  used  for  the  simple  ejectors  discussed  in  Section  4.2.5.  From 
tests  with  the  staged  ejector,  the  loss  coefficient  is  less  than  0.25,  which 

further  substantiates  the  assumption  that  the  high  values  obtained  in  the 

simple  ejector  tests  are  a  function  of  induced  flow  aeration,  or  multiphase 
flow. 


4.5.2  Series  Staged  Ejectors 

A  series  staged  ejector  is  one  consisting  of  two  or  more  simple  ejectors 
arranged  in  series.  Thus,  the  discharge  pressure  of  one  stage  is  the  inlet 
pressure  of  the  next  stage  downstream,  or 


The  induced  flow  of  the  last  stage  is  the  sum  of  the  induced  flow  of  the  first 
stage  plus  the  motive  flow  of  all  stages.  Thus  for  a  two  stage  ejector  con¬ 
figuration, 


W  _  =  W  .  +  W  . 
s2  si  nl 


Ws2  *  +  » 


Reference  11  defines  the  total  mass  flow  ratio  of  the  system  as  the  product 
of  the  mass  flow  ratios  of  the  individual  states,  where  the  mass  flow  ratio 
is  defined  as  the  total  mass  flow  leaving  the  ejector  or  stage  divided  by  the 
induced  flow  entering.  Using  this  definition  it  can  be  shown  that, 


4>1  +  1 
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Reference  11  also  defines  that  one  of  the  design  criteria  be  to  have  all  stages 
operate  at  the  same  maximum  available  pressure.  Thus  P.  =  P.  =  P..  For 

*1  *2  1 

a  two  stage  ejector: 


N, 


P .  -P 

dj^  o 


P  .  -P 

d,  o 


<Pi-Po>-<Pd.-Po> 


‘1 


N. 


P  -P 
d2  dl 

Pi-Pd, 


N, 


P  .  -P 

_d2_  ° 

P.-P, 

i  d. 


By  mathematical  manipulation 


nt  =  Ni  +  N2  (1  +  Nt) 


(18) 


By  definition 
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W  +  W 
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For  a  two  stage  ejector: 


Ws 

*T  =  W  +W 

nl  n2 


Thus  it  can  be  shown  that 


T 


4>  4> 

_1_2 


1  + 


+1  +  *2 


(19) 


Substituting 


W 

w1  '*1  + » 

n- 
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for  $2  in  equation  (19) 


4>  W 

1  nl 

w  +  w 


To  obtain  highest  total  flow  ration,  Wn2  must  be  zero  and  In  other 

words,  the  optimum  solution  for  maximum  flow  ratio  reverts  to  the  simple, 
single  stage  ejector.  For  >  0,  4*^,  will  always  be  less  than  4* 

For  the  two  stage  ejector  configuration,  it  would  appear  that  the  first  stage 
must  be  designed  to  give  the  best  possible  flow  ratio.  In  the  study  of 
Reference  11  the  discussion  mainly  concerned  the  pumping  of  gases.  The 
conclusion  drawn  from  this  reference  was  that  each  stage  should  operate  at 
or  near  its  breakoff  point,  where  the  breakoff  point  was  defined  as  that  point 
at  which  the  induced  gas  flow  achieves  sonic  velocity  in  the  throat  of  the 
ejector.  The  equivalent  break  poing  for  the  liquid  pumping  ejector  is  the 
cavitation  limit.  Thus,  if  it  is  assumed  that  cavitation  is  an  incurable  ailment 
of  the  ejector,  the  first  stage  must  be  designed  to  provide  the  required  induced 
flow  at  the  critical  inlet  or  altitude  condition  within  the  flow  ratio  limit  as 
determined  by  equation  (8).  Moreover,  a  minimum  first  stage  discharge 
pressure  can  be  prescribed  by  assessment  of  the  vapor  pressure  of  the  liquid 
being  pumped,  so  that  liquid  delivered  to  the  second  stage  inlet  is  at  a  pressure 
equal  to  or  higher  than  the  vapor  pressure. 

For  the  staged  ejector,  it  is  best,  at  least  at  the  critical  design  flow  ratio, 
for  each  stage  to  operate  at  maximum  efficiency:  The  maximum  efficiency 
point  or  mep  can  be  approximately  determined  from  the  simple  equation 
defining  the  ejector  mixing  tube  average  Reynolds  number,  where,  by 
continuity: 


b  4>(1  +  0)  R 


where  Rn  =  nozzle  exit  Reynolds  number.  At  the  condition  for  equality 
between  mixing  tube  and  jet  momentum  R  =  R  .  Thus  the  flow  ratio  at  or 
near  maximum  efficiency  is  m  n 


'  “  VT  -1 


If  0  of  equation  (20)  is  made  to  be  0^  for  equation  (8),  then 


mep 


.  0  =  ^ 
L  b 


{1  +  K.)  Y  P, 


=  Vb  _1 


ifer  f  :* 


Knowing  the  maximum  available  nozzle  pressure,  the  desired  flow  ratio  and 
the  critical  operating  altitude,  preliminary  stage  sizing  can  be  defined 
by  the  above  relationship. 

4.5.3  Series  —  Parallel  Staged  Ejectors. 

A  Series  —  Parallel  staged  ejector  operates  in  a  similar  manner  to  the  series 
staged  ejector  except  that  some  of  the  induced  flow  is  allowed  to  flow  to  the 
intermediate  and  final  stages  of  the  ejector  combination  without  benefit  of 
initial  pressure  increase.  Analysis  of  such  an  ejector  becomes  difficult 
because  of  the  many  variations  of  allowable  intermediate  stage  induced  flow 
that  are  possible.  A  two  stage  ejector,  utilizing  series  and  parallel  flow,  is 
shown  in  Figure  35.  The  first  stage,  a  simple  ejector,  pumps  fluid  to  the 
second  stage.  The  second  stage,  in  this  case  an  annular  nozzle,  not  only 
receives  flow  from  the  first  stage  but  also  from  the  inlet  line  directly. 

This  type  of  configuration  has  two  advantages.  For  one  thing,  the  total 
induced  flow  can  be  greater  than  for  series  staged  configurations.  This 
advantage,  however,  is  secured  at  the  expense  of  output  pressure.  The 
second  advantage  is  that  operation  under  throttled  conditions  can  be  accom¬ 
plished  without  the  accompanying  high  discharge  pressure  associated  with 
series  staged  configurations.  A  series  staged  ejector  will  react  to  throttling 
by  a  corresponding  decrease  in  first  stage  flow  ratio. 

The  accompanying  pressure  rise  is  compounded  by  the  second  stage  pressure 
rise.  The  discharge  pressure  will  tend  to  rise  sharply  as  the  ejector  is 
throttled.  With  an  ejector  combination  permitting  direct  induced  flow  at  the 
intermediate  stages,  throttling  is  accompanied  by  each  stage,  in  succession 
starting  with  the  last  stage,  following  its  own  pump-down  characteristic, 
until  the  directly  induced  flow  of  the  stage  is  zero.  As  throttling  is  con¬ 
tinued,  the  flow  of  the  last  stage  will  be  increasingly  recycled  to  the  inter¬ 
mediate  stages.  The  resultant  pressure  rise  of  the  ejector  at4>j  =  0  can 

be  considerably  less  than  the  pressure  rise  of  a  series  staged  ejector  depend¬ 
ing  on  the  amount  of  intermediate  stage  secondary  flow  inducement  permitted 
i.e.,  the  amount  of  stage  recirculation  permitted. 

The  performance  of  the  series  -  parallel  ejector  of  Figure  35  is  shown  in 
Figure  36.  The  lower  curve  is  the  performance  of  the  second  stage  annular 
ejector  operating  without  first  stage  boost.  The  upper  curve  shows  the  per¬ 
formance  of  the  combined  stages.  In  this  case,  stage  motive  nozzle  pres¬ 
sures  were  not  the  same,  as  is  indicated  in  Figure  36.  Note  that  the  curve 
slope  changes  at  an  induced  flow  of  approximately  32  gpm.  At  lower  induced 
flows,  considerable  recirculation  between  the  two  stages  was  noted.  Better 
performance  than  that  indicated  is  probable  if  the  design  of  the  stages  is 
optimized.  As  was  indicated  in  section  4,  3  annular  ejector  design  optimiza¬ 
tion  requires  further  research.  The  flow  characteristics  can  also  be  changed 
by  either  increasing  or  decreasing  the  second  stage  direct  induced  flow  pas¬ 
sage  area.  As  was  noted  before,  a  multitude  of  variations  are  possible  by 
this  process. 

4.5,4  Dual  Operation  Ejectors 

Dual  operation  is  possible  for  aircraft  engine  feed  systems,  where  both  non¬ 
afterburning  and  afterburning  operating  modes  exist.  This  is  made  possible 
by  the  use  of  two  engine  driven  pumps,  one,  the  main  engine  pump  for  opera¬ 
tion  to  military  power,  the  other,  the  afterburner  pump  for  operation  up  to 
full  afterburner  thrust. 
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The  dual  operation  technique  can  be  combined  with  the  series  staging,  or 
series  parallel  staging  configurations,  or  used  with  simple  ejector  configura¬ 
tions. 

As  applied  to  series,  two  stage  ejectors  the  main  engine  pump  could  provide 
motive  flow  for  the  first  stage  of  the  ejector.  This  stage  would  be  designed 
for  high  induced  flow  capacity  such  that  at  maximum  afterburner  thrust  it 
could  deliver  the  required  induced  flow,  but  at  a  low  pressure.  When 
throttled  to  military  power  flow  this  stage  would  deliver  fuel  at  the  desired 
output  pressure.  When  in  the  afterburner  mode,  the  second  stage  of  the 
ejector,  operated  by  fuel  from  the  afterburner  pump,  would  increase  the 
ejector  discharge  pressure  to  the  required  level  at  the  full  afterburner  flow 
demand.  Applying  dual  operation  to  the  series -parallel  two  stage  ejector 
results  in  a  different  arrangement.  To  avoid  interstage  recirculation  it  is 
probably  best  to  use  the  second  stage  to  provide  fuel  to  the  engine  up  to  full 
military  power.  The  first  stage  could  be  used  to  augment  pressure  and  flow 
for  afterburner  operation. 

A  dual  operation  simple  ejector  is  shown  in  Figure  37.  Dual  operation  is 
achieved  by  the  use  of  two  concentric  motive  nozzles.  With  this  arrangement 
the  flow  to  the  smaller  nozzle  would  be  provided  by  the  main  engine  pump  and 
flow  to  the  large  nozzle  provided  by  the  afterburner  pump. 

Dual  operation  allows  economies  in  motive  fuel  usage  at  lower  engine  power 
operating  modes.  Thus,  for  normal  operation  up  to  military  power,  less 
fuel  is  circulated  than  would  be  possible  if  single  operation  design  were  used. 

4.5.5  Optimum  Combinations 

From  the  previous  discussion,  it  appears  that  the  series  induced  flow  ejector 
configuration  provides  no  advantages  ove’-  the  optimum  simple  ejector. 

It  has  been  shown  that  for  maximum  flow  ratio,  the  series  staged  ejector 
reverts  to  a  simple  ejector  configuration.  If,  however,  high  discharge  pres¬ 
sure  cannot  be  attained  by  simple  ejector  means,  series  staging  may  be  a 
practical  solution. 

The  series-parallel  ejector  combination  may  offer  the  advantage  of  higher 
induced  flow  capability  and  pressure  boost.  In  this  case,  the  second  stage  of 
the  ejector  combination  must  have  high  flow  ratio  capability.  The  first  stage 
adds  just  sufficient  high  pressure  flow  so  that  the  mixed  flow  pressure  to  the 
second  stage  inlet  permits  the  attainment  of  the  desired  discharge  pressure. 

The  series -parallel  ejector  combination  shown  in  Figure  35  is  unique_in  that 
the  outer  nozzle  plume  surface  entrains  fluid  from  an  inlet  pressure  Pq  while 

the  inner  plume  surface  entrains  fluid  from  an  inlet  pressure  P  ,  .  It  is  con- 

dl 

sidered  that  this  combination  may  have  advantages  over  series -parallel  ejec¬ 
tor  combinations  using  simple  ejector  stages.  More  study  of  this  configuration 
is  needed  to  optimize  design. 

Of  the  combinations  studied,  the  series -parallel  ejector  using  an  annular 
second  stage,  appears  most  promising.  However,  further  development  is 
required  to  achieve  its  potential. 
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A  dual  operation  simple  ejector  was  presented  in  Figure  37.  Tests  of  this 
configuration  with  both  nozzles  supplied  simultaneously  show  that  the  nozzle 
combination  acts  as  a  single  nozzle.  Thus,  this  configuration  is  a  two-in-one  - 
package  ejector.  For  aircraft  systems  with  both  non -afterburning  and  after¬ 
burning  modes  of  operation,  this  configuration  is  recommended. 


4.6  LABORATORY  TEST  SETUP 

The  test  setup  for  the  ejector  component  development  and  climb  tests  is  shown 
schematically  in  Figure  38.  Figures  39  through  42  are  photographs  of  the 
test  setup.  Figure  39  is  an  overall  view  showing  the  three  insulated  tanks, 
nozzle  supply  tank,  sump  tank,  and  receiver  tank.  Figure  40  shows  the  two 
J79  main  engine  pumps  with  the  hydraulic  pressure  gages  and  pump  fuel  inlet, 
and  discharge  pressure  gages.  Figures  41  and  42  show  the  ejector  pump. 

4.7  SUMMARY 

Over  a  hundred  test  runs,  on  sixteen  different  ejector  configurations  and  ejec¬ 
tor  combinations  were  accomplished  under  this  contract.  The  objectives  of 
these  test  were: 

a.  To  determine  the  feasibility  of  using  high  motive  nozzle  pressure. 

b.  To  investigate  low  area  ratio  performance  (b  =  0.  1  to  0.01). 

c.  To  confirm  the  accepted  performance  prediction  analysis  as 
established  by  Cunningham  and  others. 

d.  To  investigate  the  cavitation  phenomenon,  its  predictability,  and 
methods  of  eliminating  it. 

e.  To  establish  a  uniform  method  for  sizing  and  designing  simple 
ejectors. 

f.  To  investigate  unusual  ejector  designs  (annular  ejector). 

g.  To  investigate  some  of  the  less  complicated  ejector  combinations. 

Nozzle  pressures  up  to  500  psig  were  used  with  considerable  success.  High 
nozzle  pressure  reduced  the  maximum  attainable  flow  ratio.  This  reduction 
is  due  to  cavitation  and  is  predictable  by  use  of  Equation  (8)  with  suitable 
values  of  Y  and  Kj. 

Area  ratios  from  0.0108  to  0.  Ill  were  tested.  Test  data  showed  that  low  area 
ratio  ejectors  have  a  higher  flow  capacity  than  higher  area  ratio  ejectors.  The 
use  of  Equations  (1)  through  (4)  will  give  good  predictions  of  ejector  perform¬ 
ance,  provided  Suitable  values  of  K^,  K^,  and  are  used.  With  regard  to 

loss  coefficients,  motive  nozzle  loss  can  be  satisfactorily  represented  by 
assuming  Kj  =  0.  1  for  turbulent  flow  Reynolds  numbers.  K ^  =  0  will  be  a 
reasonable  assumption  especially  if  rounded  entry  configurations  conforming 
to  Figure  9  are  used. 

can  be  predicted  by  use  of  Equations  (6)  and  (7)  and  Figures  10  and  12, 

where  all  liquid  flow  can  be  assumed.  For  ejectors  under  cavitation  conditions, 
the  value  as  obtained  for  all  liquid  flow  should  be  tripled  to  compensate  for 
multiphase  flow  conditions. 


Altitude  tests  and  high  nozzle  pressure  tests  provided  many  opportunities  to 
study  the  cavitation  phenomenon.  Test  results  confirm  the  accuracy  of 
Cunningham's  cavitation  equation  (Equation  (8)  ).  For  normal  or  cold  temper 
ature  (-30  to  110°F)  the  value  of  Y  =  0.  7P  should  be  used.  For  hot  (135  - 

200°F)  fuel,  either  JP-4  or  JP-5,  Y  =  0.  5Pq  provides  a  closer  prediction  of 

cavitation  limiting  flow  ratio.  The  difference  is  due  to  the  physical  character 
istics  of  the  evolved  gas  in  the  cavitating  pump.  At  low  temperature,  the  gas 


FIGURE  39.  EJECTOR  PUMP  TEST  FACILITY  -  GENERAL  VIEW 


FIGURE  40.  EJECTOR  PUMP  TEST  FACILITY  -  MOTIVE  NOZZLE  SUPPLY  PUMPS. 


FIGURE  41.  PUMP  SECTION 


FIGURE  42.  EJECTOR  NOZZLE  AND  MIXING  INLET  AREA 
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is  mostly  air.  At  higher  temperatures,  the  gas  is  predominantly  vaporized 
fuel. 


Elimination  of  the  cavitation  phenomenon  in  the  ejector  appears  to  depend  upon 
the  reduction  of  induced  flow  approach  velocity.  The  prime  requisite  is  that 
all  desired  induced  flow  entrainment  must  take  place  outside  of  the  mixing  tube. 
Nozzle  to  throat  entry  spacing  S  must  be  that  distance  at  which  the  motive 
nozzle  plume  diameter  is  equal  to  the  throat  diameter.  The  mixing  tube  throat 
entry  should  be  a  rounded  or  radius  type  entry  such  that  =  0  (See  Figure  9). 

The  ejector  plenum  should  be  as  large  as  possible  to  maintain  V  at  as  low  a 

s 

value  as  possible.  Tests  ~>f  a  series  induced  flow  ejector  appear  to  substanti¬ 
ate  the  need  for  these  design  requirements  and  show  that  cavitation  can  be 
eliminated  by  use  of  careful  design. 

A  theory  has  been  presented  whereby  the  ejector  is  designed  around  the  motive 
nozzle  plume  model.  Such  a  model  was  presented  in  Figure  14.  The  model 
for  any  motive  nozzle  size  can  be  constructed  by  the  use  of  simple  trigono¬ 
metric  relationships.  The  basic  equations  are 


S  = 


4.  5dn 

1  -  (V  /V  ) 
s  n 


d 

for  sharp  edged  convergent  nozzles,  and  the  ratio-^— =  0.5143.  The  model 

S 

has  been  developed  by  extensive  investigations  (Reference  6)  of  a  round  air  jet 
at  velocities  characterized  as  turbulent  and  incompressible.  Testing,  accom¬ 
plished  under  this  contract,  with  fuel  indicates  that  the  same  basic  model  is 
valid  for  liquid  flow.  It  has  been  shown  that  the  mixing  tube  should  be  termi¬ 
nated  at  the  point  where  the  plume  50%  Vc  cone  impinges  on  the  mixing  tube 

wall.  The  50%  V ^  cone  can  be  determined  by  use  of  the  relationship 

do'cnw  =  d  .  The  apex  of  the  50%  V  cone  will  be  at  the  nozzle  exit  on  the  noz 
S  50%  n  r  c 

zle  center  line.  The  diffuser  cone  angle  should  be  6°  preferably,  for  mini¬ 
mum  losses.  It  is  considered  that  a  cone  angle  equal  to  the  50%  V c  cone  angle 

would  not  be  detrimental.  Testing  accomplished  under  this  contract  appears 
to  stubstantiate  the  motive  nozzle  plume  model  theory  and  ejector  design 
approach. 

Four  annular  ejector  configurations  were  evaluated.  The  best  configuration 
is  shown  in  Figure  25,  Configuration  4.  The  performance  of  the  annular  ejec¬ 
tor  is  predictable  with  the  same  basic  equations  used  for  simple  ejector  per¬ 
formance  evaluation.  Further  study  is  recommended  to  determine  optimum 
design  criteria. 


Of  the  ejector  combinations  evaluated,  the  series -par rallel  combination  with 
an  annular  ejector  second  stage  shows  promise.  Additional  development  is 
required  to  optimize  this  configuration. 


The  simple  ejector  optimized  in  accordance  with  the  motive  nozzle  plume 
model  is  considered  the  best  approach  for  most  engine  feed  system  applica¬ 
tions.  For  aircraft  utilizing  both  afterburner  and  nonafterburner  operating 
modes,  the  dual  operation  concentric  motive  nozzle  configuration  is 
recommended. 

A  dual  operation  ejector  to  satisfy  the  70,000  lb  per  hour  fuel  flow,  200°F 
engine  inlet  temperature,  JP-4  fuel  supply,  and  system  pressure  loss  as 
specified  in  the  contract  would  require  the  following  characteristics: 


p. 

1 

= 

500  psig 

bl 

= 

0.  016 

b2 

= 

0.04 

dnl 

= 

0.218  inches 

dn2 

= 

0. 344  inches 

d 

n 

= 

1 . 72  inches 

Wnl 

= 

12, 900  lb  per 

hour 

Wn2 

= 

31,200  lb  per 

hour 
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SECTION  V 
FUEL  TANK  SUMP 


5.  1  INTRODUCTION 

The  fuel  in  a  main  fuel  tank  of  an  aircraft  normally  is  the  last  fuel  used  and 
the  main  tank  is  kept  full  by  internal  transfer  from  auxiliary  tanks.  The  main 
tank  usually  has  a  sump  area  which  is  designed  to  capture  fuel  for  consumption 
during  negative  gravity  conditions.  The  fuel  in  the  sump  is  then  replenished 
when  the  aircraft  is  returned  to  normal  gravity  conditions. 

In  conditions  of  zero  gravity,  fluid  orientation  is  essentially  unpredictable 
and  the  fuel  could  be  located  randomly  within  the  tank.  As  the  fuel  is  removed 
from  the  sump  for  engine  consumption,  the  fuel  in  the  remainder  of  the  main 
tank  may  not  be  able  to  flow  into  the  sump  to  replenish  the  void  area,  thus  air 
spaces  may  be  created. 

The  ejector  pump(s)  used  to  supply  fuel  to  the  engine  will  work  well  when 
pumping  either  vapor  or  liquid.  The  fuel  in  the  sump  must  be  positioned  to 
prevent  large  quantities  of  air  from  being  pumped  to  the  engine.  This  might 
be  done  by  any  of  the  following  methods:  (1)  Provide  an  artificial  gravity 
force,  (2)  provide  a  continually  collapsing  tank  wall  which  follows  the  fuel 
and  allows  no  vapor  space,  and  (3)  entrapping  fuel  by  capillary  action.  Only 
the  artificial  gravity  system  was  studied  during  this  contract. 

The  artificial  gravity  is  created  by  introducing  a  fluid  jet  into  the  sump  area 
of  the  main  tank.  This  jet  contains  sufficient  energy  to  induce  a  fluid  rotation 
(swirl)  action  in  the  sump  with  an  angular  velocity  sufficient  to  produce  a 
centrifugal  force  causing  the  fluid  to  always  move  toward  the  tank  wall.  The 
required  jet  velocity  can  be  calculated  based  on  the  size  of  the  sump  and  the 
selected  centrifugal  force.  The  jet  source  was  not  defined  in  the  studies  of 
this  contract,  however,  possible  sources  include  internal  transfer  from 
auxiliary  tanks  or  from  a  fuel  bleed  from  the  engine.  If  fuel  from  the  auxiliary 
tanks  is  used,  the  transfer  pumps  may  become  unported  during  zero  gravity, 
thus  cutting  off  the  supply  of  the  swirl  jet.  Under  these  conditions  it  may  be 
necessary  to  use  a  small  sustaining  jet  using  fuel  from  the  engine. 

The  fuel  tank  sump  must  contain  a  means  of  continuing  the  fuel  pickup  during 
the  negative  gravity  conditions.  This  must  be  done  by  having  a  pickup  at  the 
top  as  well  as  at  the  bottom  of  the  sump.  To  satisfy  the  desire  for  a  minimum 
of  movable  parts,  and  considering  that  the  ejector  pump  can  not  have  two 
inlets  (one  of 'which  might  be  unported),  a  flexible  inlet  tube  was  selected  for 
this  system.  This  will  allow  the  fuel  pickup  to  react  to  normal  gravity 
environment  in  the  same  manner  as  the  fuel  itself  does.  That  is,  the  pickup 
will  rest  on  the  tank  bottom  during  normal  gravity  conditions  in  level  flight 
and  coordinated  turns  and  by  means  of  hose  flexure  will  move  to  the  top  of 
the  sump  with  a  transition  to  negative  gravity  conditions.  The  inlet  would  be 
kept  near  the  tank  wall,  to  pick  up  the  rotating  fuel  during  the  zero  gravity 
condition. 
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The  following  symbols  and  definitions  are  used  in  this  section  of  the  report: 

feet/sec^ 
feet 


pounds 

pounds 

feet/sec^ 

feet 

lb  sec^  ft 
pounds 

lb/sec 
lb  feet 
lb  ft  sec 


ps 

Static  pressure 

inches  of  fluid 

PT 

Total  pressure 

inches  of  fluid 

R 

Radius 

feet 

Re 

Reynolds  number 

-- 

t 

Time 

seconds 

V 

Velocity 

feet/sec 

vjet 

Velocity  of  entering  jet 

feet/  sec 

v  •  i 

swirl 

Velocity  of  swirl  at  periphery 

feet/sec 

u 


n 


b 

C 


'dl 


'M 


'Ml 


D 

D1 

g 

h 

I 

m 

• 

m 

M 

M, 


Ratio  of  cylinder  height  to  radius  (pi 

Normal  acceleration 

Width  of  plate  (perpendicular  to  flow) 
Drag  coefficient 

Drag  coefficient  (iraC^) 

Moment  coefficient 

Moment  coefficient  (  M) 

2 

Combined  moment  and  drag  coefficient 
(Cdl  +  CM1* 

Drag -flat  plate 

Total  drag  of  cylinder  (D  +-^) 

Acceleration  of  gravity 
Cylinder  height 

Moment  of  inertia 
Mass 

Mass  flow 
Moment 

Angular  momentum 


Kinematic  viscosity 


ft^/sec 


p 

Density 

slugs  /  ft 3 

°r  2 
lb-sec 

ft4 

t 

Torque 

lb  feet 

to 

Angular  velocity 

rad/sec 

n 

Precessional  velocity 

rad/sec 

i 

Length  of  plate  (parallel  to  flow) 

feet 

5.  2  DESIGN  AND  ANALYSIS 
5.  2.  1  Swirl  Analysis 


The  fuel  to  provide  the  swirling  action  is  introduced  along  the  circumference 
of  the  sump.  A  literature  search  did  not  reveal  any  existing  methods  of 
analysis  for  the  swirl  action.  Therefore  to  provide  a  method  of  analysis, 
this  fuel  was  assumed  to  act  in  a  wheel  type  motion  in  a  forced  vortex.  The 
flow  regime  was  defined  by  Reynolds  number  as  given  in  the  following  equation. 

R2 

Re  =  ^  (Ref  12,  p.  547) 

*  A  normal  acceleration  at  the  tank  wall  equivalent  to  one  g  was  selected. 

From  Figure  43  the  velocity  to  provide  the  required  normal  acceleration  was 
chosen,  w  can  be  obtained  by  v  =u>R.  The  swirling  flow  inside  a  cylindrical 
tank  was  assumed  to  be  represented  by  the  sum  of  the  drags  associated  with  a 
flat  plate  (side  wall  of  the  sump)  and  both  sides  of  a  rotating  disc  in  an  infinite 
fluid  (top  and  bottom  of  sump). 

5.2.  1.1  Flat  Plate  Drag 

The  skin  friction  drag  for  a  flat  plate  in  parallel  flow  is  given  by 

2 

D  =  CTj  — b I  (for  one  side  only)  (Ref  13,  p.  279-281) 
Values  of  are  shown  in  Figure  44. 

For  a  cylinder  unrolled, 

D=Cd^bJ 

*  cd  i  2”Rh 

=  C  ,  Pv2  irRh 
a 
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FIGURE  43.  TANGENTIAL.  VELOCITY  REQUIRED  AT  PERIPHERY  TO  DEVELOP  VARIOUS 
LEVELS  OF  ACCELERATION 


FIGURE  44.  SKIN  FRICTION  DRAG  COEFFICIENT  FOR  A  SMOOTH  FLAT  PLATE  PARALLEL  TO  FLOW 


letting-p-=  constant  =  a, 


D  =  w  C  ,  Pv  RaR 
d 

2  2 

=  iraC^  Pv  R 


Letting  ?ra  =  C 


dl 


D  =  cdi  Pv2R2 


5.  2.  1. 2  Disc  Drag 


The  torque  required  to  rotate  a  disc  in  an  infinite  fluid  is  given  as 

(two  sides  of  disc) 


Pu>2  5 

M  (total)  =  CM  ■— -R3 


Where  for  laminar  flow  (Re  >  3  x  10  ;  is 

^  3.  87 


and  for  turbulent  flow 


'M'  Re1/2 


0.  146 
'M~Re1/5 


(Ref  12,  p.  547-548) 


If  the  constant  (1/2)  in  the  total  moment  equation  above  is  included, 

^  ^  1.  935  .  „  _  0.  073 

^  Ml  'Re1'2  M1 

The  case  of  a  disc  rotating  in  a  housing  was  also  investigated,  but  it  required 
less  torque  than  for  the  infinite  fluid  case  as  shown  in  Figure  45.  In  order  to 
be  conservative,  calculations  were  based  on  the  disc  rotating  in  an  infinite 
fluid,  thus  providing  a  dimensionless  coefficient,  CM1’  to  determine  the  force 

due  to  the  moment  on  the  disc.  Substituting  for  Cj^/2  and  the  linear 

velocity  for  the  angular  velocity  (v  =  wR),  the  following  equation  for  the  force 
at  the  periphery  resulting  from  the  disc  torque  is  obtained 


M 

R 


CM1  Pv2r2 


5.  2.  1.  3  Total  Drag 

The  total  drag  of  the  rotating  fluid  is  expressed  by  the  following: 


D+f=(C 


Dl 


CM1> 


Pv2R2 


88 


IN  INFINITE  FLUID 


FIGURE  45.  DIMENSIONLESS  MOMENT  COEFFICIENT  FOR  ROTAT 


Letting  (Cdl  +  CM1)  =  CT 

Dt  =  CT  Pv2R2 

Ct  versus  Reynolds  number  is  graphed  in  Figure  46  for  varying  values  of 
cylinder  height  to  radius  ratio  (a). 

The  relation  between  torque  and  change  in  angular  momentum  is  given  by 

Cdt  =  Idu  (Ref  15,  p.  177) 

Assuming  that  the  entering  jet  acts  as  a  particle,  its  angular  momentum  may 
be  defined  as  the  product  of  its  linear  momentum  and  the  perpendicular  distance 
from  the  axis  to  its  line  of  motion. 


M  .  =  mvR 
A 


(Ref  15,  p.  175) 


Assuming  that  the  loss  of  momentum  in  the  swirl  will  be  made  up  by  the  jet 
nozzle  to  provide  steady  state,  and  inserting  g  to  correct  mass  terms 

i  dt  =  —  (v.  -  v  .  ,  )R 

g  jet  swirl 

but  ?>  =  D^,  R 

Where  Drp  is  the  total  drag  referenced  to  the  tank  radius. 

Dt  R  dt  =  —  (v.  -  v  .  .)R 

T  g  jet  swirl 

_  m  .  .  m  .  . 

T  _  g  dt  vjet  "  vswirl  -  g  vjet  "  Vswirl 

The  two  drag  equations  can  be  combined  to  determine  the  required  nozzle 
momentum  as  follows: 

—  (v.  -  v  .  -| )  =  C_  p  v  .  .  R 

g  jet  swirl  T  r  swirl 

5.  2.  1.4  Aircraft  Effects 

Adverse  effects  on  the  airplane  handling  characteristics  were  checked  by 
determining  the  gyroscopic  moment  of  the  fuel  assuming  solid  body  rotation 
during  a  snap  roll.  The  precessional  motion  is  governed  by  the  following 
equation: 

£  =  I«n  (Ref  15,  p.  182) 

The  polar  moment  of  inertia  is 


Giving 


h  4 

£  =  frwp  y  R  fJ 


(Ref  15,  p.  174) 
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The  required  torque  (or  aircraft  pitching  moment)  was  calculated  and  found 
to  be  within  the  control  capability  of  existing  fighter  or  attack  type  aircraft, 
therefore  no  further  study  was  done  on  aircraft  effects. 

5.  2.  2  Flexible  Pickup 

A  flexible  pickup  was  designed  to  be  installed  in  the  sump  of  the  test  tank. 

The  pickup  consisted  of  a  three  inch  diameter  flexible  hose  with  a  rigid  metal 
pickup  scoop  mounted  on  the  end  of  the  hose  as  shown  in  Figure  47. 


FIGURE  47.  FLEXIBLE  PICKUP 


The  hose  is  a  convolute  rubber  hose  reinforced  with  wire  to  reduce  distortion 
during  bending  and  to  prevent  collapse  due  to  negative  pressure  caused  by 
pump  suction.  The  stiffness  of  the  hose  was  designed  for  easy  deflection  so 
that  the  metal  pickup  would  rest  on  the  bottom  of  the  tank  under  static 
conditions. 


rn-fl  r  nrirw-it  -»nmni - mu  >r  mr>  * 


The  metal  pickup  was  designed  with  a  scoop  type  entrance  which  would  catch 
the  fuel  as  it  is  rotating  around  the  tank.  The  scoop  is  tilted  at  an  angle  of 
15-20  degree  so  that  the  rotating  fuel  will  produce  a  force  tending  to  hold  the 
pickup  against  the  tank  wall.  The  friction  produced  by  this  force  was  reduced 
by  teflon  buffers,  which  were  attached  to  the  scoop,  to  contact  the  wall.  The 
size  and  shape  of  the  pickup  afterbody  is  a  function  of  the  angular  deflection 
and  depth  of  the  sump.  The  weight  of  the  pickup  must  be  sufficient  to  allow 
the  hose  to  flex  from  bottom  to  the  top  of  the  tank  at  a  rate  which  would  prevent 
air  from  entering  the  pump  inlet. 

5.  3  FUEL  TANK  SUMP  TESTS 

The  fuel  tank  sump  and  flexible  inlet  were  set  up  as  a  system  and  tested  to 
verify  the  analysis.  The  test  was  conducted  in  three  phases;  swirl  test,  tank 
sump  test,  and  flight  test. 

5.  3.  1  Swirl  Test 

The  swirl  test  was  conducted  to  verify  the  results  of  the  analytical  model 
used  to  predict  the  behavior  of  the  circulating  fuel.  A  thirty  six  inch  diameter 
cylindrical  tank  was  used  to  approximate  the  aircraft  tank.  Closed  vessel 
conditions  of  an  aircraft  tank  sump  located  at  the  bottom  of  a  tank  were 
simulated  by  the  installation  of  a  transparent  plastic  baffle,  at  approximately 
half  the  height,  which  permitted  visual  examination  of  the  swirling.  A  hole 
was  cut  in  the  center  of  the  baffle  to  provide  overflow  for  excess  fuel.  The 
test  setup  is  shown  in  Figures  48  through  50. 


FIGURE  48.  SWIRL  TEST  SYSTEM  SCHEMATIC 


FIGURE  50.  SWIRL  TEST  TANK 
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A  Pitot  tube  was  installed  at  midheight  in  the  tank  sump  section  such  that  the 
probe  followed  the  streamlines  as  closely  as  possible.  Air  bottles  were  used 
as  pressure  transmitters  to  isolate  the  fuel  from  the  manometers.  Static  and 
total  heads  were  measured  on  a  water  manometer.  The  fuel  was  sucked  from 
the  swirl  tank  through  two  fittings  located  at  the  bottom  and  circulated  as  a 
closed  system  back  through  the  nozzle  which  was  located  at  midheight.  Flow 
rates  were  monitored  with  a  rotameter  installed  in  the  line.  Tests  were 
conducted  to  determine: 

1.  Tank  velocity  profile  at  steady  state, 

2.  Variation  of  swirl  velocity  with  time  during,  initiation  and  slowdown, 

3.  Effect  of  outlet  location,  and 

4.  Variation  in  Pitot  velocity  readings  due  to  angular  misalignment 

The  velocity  profiles  were  determined  by  raking  the  Pitot  tube  in  a  radial 
direction. 

Swirl  tests  in  the  cylindrical  tank  were  conducted  on  several  nozzle 
configurations.  Different  nozzle  diameters  were  tested  at  varying  flow  rates 
to  produce  a  large  variation  in  the  momentum  of  the  swirl  generating  fluid, 
the  largest  velocity  head  being  produced  by  the  smallest  nozzle  operating  at 
its  maximum  flow  rate.  The  nozzles  designed  for  low  turning  losses  (smooth 
"S"  bends  with  bend  radius  equal  to  two  pipe  diameters)  produced  good 
swirling  action  and  behaved  similarly.  A  bulkhead  elbow  was  also  installed 
as  a  nozzle  to  reduce  obstruction  in  the  swirl  path,  but  it  was  discarded 
because  it  caused  severe  aeration  in  the  fuel  due  to  the  sharp  bend. 

The  Pitot  tube  was  tested  for  accuracy  with  variation  in  angle  of  incidence  of 
approaching  fluid.  Although  the  total  and  static  readings  varied,  the  velocity 
head  was  found  to  be  insensitive  to  angular  misalignments  of  plus  or  minus 
fifteen  degrees.  Figure  51  shows  the  variation  in  velocity  head. 


The  velocity  head  profiles  were  plotted  and  the  data  formed  in  a  consistent 
series  of  graphs.  The  swirl  motion,  however,  did  not  conform  to  solid  body 
rotation.  Figure  52,  plotted  on  logarithmic  paper,  reveals  two  regimes  of 
straight  lines  with  different  slopes.  On  inner  radii,  up  to  approximately 
eleven  or  twelve  inches,  the  slope  was  about  six;  indicating  the  velocity 
varied  as  the  cube  of  the  radius  changed.  From  this  break  point  out  to  the 
tank  edge,  the  velocity  head  (slope  of  curve)  appears  to  vary  as  the  fourth 
power  of  the  radius  indicating  that  the  velocity  varies  as  the  radius  squared. 
The  values  were  much  smaller  towards  the  center  of  the  tank  and  consequently 
the  relative  reading  error  would  be  higher.  Also  the  Pitot  tube,  being  about 
eight  inches  long,  was  adversely  affected  as  the  radius  decreased. 

The  drag  force  and  momentum  were  calculated  and  compared  to  the  theoretical 
values.  Figure  53  shows  that  the  predicted  drag  was  substantially  lower  than 
the  actual  drag.  Several  factors  contributed  to  this  such  as  rough  tank  walls, 
piping,  and  turning  losses.  Figure  54  shows  a  correction  factor  plotted 
against  Reynolds  number  which  can  be  applied  to  the  theoretical  calculations. 
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VELOCITY  HEAD,  PT  -  Ps  (INCHES  HkO) 


O  56,000  PPH,  1*  O.D. 
□  48,000  PPH,  l'O.D. 
A  40,000  PPH,  1"  O.D. 
O  59,000  PPH,  1.5*  O.D. 
0  50,000  PPH,  1.5*  O.D. 
.  0  40,000  PPH,  1.5*  O.D. 
-O  60,000  PPH,  2*  O.D. 
-O  51,500  PPH,  2*  O.D. 
Q  40,000  PPH,  2*  O.D. 
Q  31,000  PPH,  2*  O.D. 
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FIGURE  52.  SWIRL  VELOCITY  VS  DISTANCE  FROM  CENTER  OF  TANK 
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FIGURE  54.  DRAG  CORRECTION  FACTOR 


Variation  in  outlet  location  was  checked  but  did  not  appear  to  have  a  significant 
influence  (See  Figure  55).  Time  traces  of  swirl  initiation  and  decay  are 
presented  in  Figures  56,  57,  and  58.  This  indicates  that  swirl  is  essentially 
realized  within  thirty  seconds  after  initiation  for  whatever  the  flow  rate. 
Slowdown  appears  to  be  proportional  to  velocity  head  at  cutoff  and  decreases 
exponentially  with  time.  The  following  equation  was  derived  from  experimental 
data  and  may  be  used  to  predict  the  time  decay. 


PT  -  Pg  =  1.  868  e 


0.  072  t 


Figure  59  presents  estimated  performance  with  a  sustaining  flow  during 
slowdown. 

5.  3.  2  Tank  Sump  Test 


The  purpose  of  this  test  was  to  obtain  data  on  fuel  rotation  while  varying  flow 
rate  with  various  geometrical  configurations  within  the  tank.  A  large 
rectangular  tank  was  fabricated  with  a  sump  area  sufficient  for  one  minute 
of  engine  operation  in  afterburner.  The  sump  was  designed  so  that  the  corner 
radius  could  be  varied  between  a  full  width  circle  and  nearly  square  corners. 
This  was  done  because  the  use  of  a  cylindrical  tank  in  an  aircraft  was  not 
considered  very  practical.  Thin  metal  baffles  were  installed  to  permit  changes 
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TIME  (SECONDS) 


FIGURE  56.  VELOCITY  HEAD  VS  TIME  FOR  SWIRL  INITIATION 

in  the  corner  radius  by  adjustment  of  the  baffle  attachments.  Flexible  fuel 
pickups  were  designed  to  simulate  the  aircraft  installation.  A  closed  vessel 
was  formed  by  the  installation  of  a  transparent  plastic  baffle  which  permitted 
visual  examination  through  plastic  observation  windows  constructed  in  the 
tank.  A  hole  was  cut  in  the  center  of  the  plastic  baffle  to  permit  escape  of 
entrained  air  and  to  provide  an  overflow  passage  for  fuel.  The  test  setup  is 
shown  schematically  in  Figure  60.  The  sump  tank  setup  and  tank  are  shown 
in  Figures  61  and  62. 

Three  Pitot  tubes  were  installed  to  determine  the  effect  of  Pitot  location;  at 
three-fourths  sump  height  at  the  end  of  the  straight  section  (Pitot  No.  2)  and 
at  the  beginning  of  the  straight  section  (Pitot  No.  1),  and  at  one  half  sump 
height  at  the  end  of  the  straight  section.  These  locations  are  shown  on 
Figure  60.  Static  and  total  heads  were  measured  with  water  manometers. 
The  velocity  profiles  were  determined  by  making  a  traverse  with  the  Pitot 
tubes. 

The  fuel  was  pumped  in  a  closed  loop,  sucking  fuel  from  the  tank  using  the 
fuel  pickups  and  introducing  it  into  the  tank  through  the  swirl  generating 
nozzles.  Flow  rates  were  monitored  with  a  rotameter  installed  in  the  line. 
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FIGURE  57.  VELOCITY  HEAD  VS  TIME  FOR  FRICTIONAL  SLOWDOWN 


Tests  were  conducted  to  determine  swirling  effectiveness  with  varying  corner 
radius.  An  annular  shape  (made  by  inserting  a  center  body)  was  also 
investigated  to  test  the  effect  of  a  tank  with  a  minimum  low  energy  fuel  in  the 
center.  During  periods  of  zero  gravity,  when  transfer  fuel  may  not  be  avail¬ 
able  to  maintain  the  swirl,  the  sump  fluid  will  slow  down  considerably  due  to 
fluid  friction  and  viscous  losses  and  also  because  of  removal  of  high  energy 
fuel  from  the  periphery  of  the  sump.  As  high  energy  fuel  is  replaced  by 
lower  energy  fluid  from  the  sump  interior,  the  swirl  will  slow  down  even 
more  due  to  conservation  of  angular  momentum.  The  centerbody  was 
inserted  to  provide  a  case  where  the  average  swirl  velocity  would  be  higher. 
The  centerbody  provided  an  annular  track  eight  inches  wide  and  the  full 
height  of  the  sump. 


Otiv)  SUSTAINING 
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FIGURE  62.  VIEW  LOOKING  DOWN  INTO  SUMP  TANK  SHOWING  ADJUSTABLE  BAFFLES  AND 
CENTER  BODY 


The  best  shape  for  swirl  generation  appears  to  be  that  of  a  cylinder  with  a 
high  volume  to  surface  area  ratio.  This  was  corroborated  by  observation  of 
the  rectangular  tank  during  slowdown  which  revealed  eventual  formation  of 
circular  flow  before  the  motion  ceased.  That  is,  the  fluid  in  the  corners 
stagnated  more  rapidly  than  the  fluid  in  the  center  resulting  in  a  flow  pattern 
which  was  very  nearly  round.  Because  this  shape  may  not  be  practical  for 
aircraft  installations,  varying  sump  configurations  were  tested.  The  corner 
radius  was  varied  from  three  inches  to  twenty  inches,  which  was  the  full 
radius  of  the  minor  dimension  of  the  tank,  using  the  adjustable  baffles 
installed  for  that  purpose. 

The  nozzles  were  originally  located  to  exhaust  at  midheight  into  the  sump  on 
the  center  line  of  the  minor  dimension.  The  flexible  pickup  tube  interfered 
with  the  swirl  generation  at  this  location  and  the  nozzles  were  moved  to  three- 
fourths  tank  height  directly  over  the  inlet  elbows  for  the  pickup  tube. 

Pitot  location  was  found  to  have  a  large  influence  on  readings.  The  two  Pitot 
tubes  located  at  the  end  of  the  straight  section  appeared  to  be  affected  by  the 
nozzle  installation  as  they  recorded  consistently  higher  readings  than  the 
Pitot  tube  located  at  the  beginning  of  the  straight  section.  Figure  63  shows  a 
typical  plot  of  velocity  head  versus  distance  from  the  center  of  the  sump.  In 
many  cases,  negative  readings  were  registered,  probably  due  to  eddies  in  the 
flow.  It  was  felt  that  this  would  not  affect  the  velocity  head  significantly  since 
earlier  experimentation  showed  the  Pitots  to  be  only  slightly  affected  by 
angular  misalignment.  Pitot  tube  No.  1  was  considered  to  provide  the  most 
consistent  results  for  evaluations. 
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FIGURE  63.  TYPICAL  VELOCITY  HEAD  VS  DISTANCE  FROM  CENTER 


The  corner  radius  was  varied  from  three  inches  to  twenty  inches  using  the 
adjustable  baffles  installed  for  that  purpose.  The  results  indicate  a  substan¬ 
tial  dropoff  in  fluid  motion  as  the  radius  is  decreased  as  shown  in  Figure  63. 
Change  in  radius  reduced  swirl  more  rapidly  at  large  radii  while  relatively 
little  difference  was  apparent  in  the  range  of  three  to  six  inches.  A  radius 
of  twelve  inches  (radius  ratio  of  0.  6)  was  considered  to  be  the  minimum 
corner  radius  for  effective  use  of  the  swirl  system. 

The  installation  of  the  centerbody  provided  an  increase  in  the  average  velocity 
in  the  annular  track  between  the  centerbody  and  the  tank  wall.  The  velocity 
near  the  tank  wall  (Pitot  distance  of  18  1/8  in.  )  was  the  same  with  or  without 
the  centerbody.  The  velocity  near  the  centerbody  (Pitot  distance  of  14  1/8  in.  ) 
was  significantly  improved  with  the  twelve  inch  corner  radius.  The  velocity 
plots  can  be  seen  in  Figure  64. 
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FIGURE  <4.  COMPARISON  OF  VELOCITY  HEAD  VS  SUMP  CORNER  RADIUS 


5.  3.  3  Flight  Test 


5.  3.  3.  1  System  Description 

A  flight  test  was  conducted  on  a  scale  model  of  the  sump  and  inlet  configuration, 
mounted  in  the  cabin  of  an  Aero  Commander ,  to  verify  the  concept  under  flight 
conditions  including  zero  and  lateral  gravity  periods.  The  sump  tank  was 
simulated  using  a  tank,  of  approximately  one  cubic  foot  volume,  made  out  of 
transparent  acrylic  plastic.  The  vertical  corners  were  rounded  to  a  three 
inch  radius  (radius  ratio  of  corner  radius  to  the  radius  of  an  inscribed  circle 
=  0.  5) and  fittings  for  fill,  vent,  swirl,  and  normal  usage  were  attached  in 
appropriate  locations.  The  tank  was  mounted  in  a  test  box  which  was  sized 
to  fit  in  the  passenger  compartment  of  an  Aero  Commander  test  aircraft. 
Figures  65  through  70  show  the  system  schematic  and  photographs  of  the 
installation.  In  addition  to  the  sump  tank,  an  auxiliary  tank  was  installed  in  the 
baggage  compartment  to  provide  a  reservoir  for  fill  and  drain  of  the  sump 
tank.  The  auxiliary  tank  was  mounted  higher  than  the  sump  tank  to  provide 
gravity  flow  to  fill  the  sump  tank.  Suitable  valves  and  lines  were  installed  to 
provide  fill,  drain,  venting,  and  closed  system  circulation  (swirl  and  fuel 
pickup).  A  movie  camera  was  mounted  to  record  events  inside  the  tank. 
Instrumentation  included  a  mechanical  accelerometer,  pump  pressure  gage, 
and  sight  glass  —  all  mounted  within  the  camera  field  of  view.  The  tank  and 
sight  glass  were  backlighted  through  translucent  panels  while  the  accelerometer 
and  pressure  gage  were  frontlighted  with  a  small  flood  light.  All  systems 
were  designed  for  28  vdc,  to  be  compatible  with  the  aircraft  electrical  sys¬ 
tem.  The  valves  were  mounted  outside  the  flight  box  to  permit  manual 
operation.  Instrumentation  mounted  above  the  aircraft  instrument  panel 
for  the  pilot  included  a  gyro  and  a  ping  pong  ball  suspended  on  a  thread. 

The  fluid  was  circulated  by  a  positive  displacement  pump  mounted  inside  the 
flight  box.  An  air  valve  was  installed  upstream  of  the  pump.  This  valve 
vented  to  ambient  and  was  used  to  allow  the  pump  to  suck  air  into  the  line. 

This  provided  a  visual  indication,  with  bubble  motion,  of  swirling  in  the 
tank.  Two  small  polyurethane  balls  were  placed  in  the  tank  as  a  further 
indication  of  motion.  One  of  the  balls  was  weighted  with  lead  shot  until  it 
had  the  specific  gravity  of  water,  in  order  to  show  motion  in  lower  parts  of 
the  tank. 

The  sight  glass  and  pressure  gage  were  used  to  provide  an  indication  when 
the  fuel  pickup  became  uncovered  and  air  was  sucked  into  the  system.  This 
provided  a  means  of  assessing  the  effectiveness  of  the  swirl  in  positioning 
the  fluid  in  zero  gravity  conditions.  Water  was  used  instead  of  fuel  as  a 
safety  precaution. 
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FIGURE  67.  END  OF  TEST  BOX  WITH  CONTROL  SWITCHES 
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FIGURE  69.  SWIRL  TEST  TANK  MOUNTED  IN  TEST  BOX 


5.  3.  3.  2  Flight  Test  Procedure 

Tests  were  conducted  to  determine  the  feasibility  of  the  swirl  concept  under 
zero  gravity  conditions.  The  Aero  Commander  provided  periods  ranging 
from  six  to  nine  seconds  of  near  zero  gravity.  The  aircraft  is  not  designed 
for  negative  gravity,  therefore  that  condition  was  not  a  part  of  the  flight 
test  program.  The  tests  included: 

1.  Level  flight  with  swirl  —  swirl  nozzle  off  during  pumpdown, 

2.  Zero  gravity  conditions 

a.  No  swirl  —  base  case  of  fluid  in  zero  gravity 

b.  Swirl  —  swirl  nozzle  off  during  pumpdown 

c.  Swirl  —  swirl  nozzle  on  during  pumpdown  (simulating  a  small 
jet  of  sustaining  fluid  during  emptying  of  the  tank),  and 

3.  Dutch  roll  with  swirl-swirl  nozzle  off  during  pumpdown  (lateral 
gravity  forces). 
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FIGURE  70.  AUXILIARY  TANK  MOUNTED  IN  BAGGAGE  COMPARTMENT 


The  flight  test  was  conducted  after  several  ground  checkouts  of  the  test  rig. 

The  sight  glass  proved  to  be  a  quick  indication  of  loss  of  prime  due  to  the 
pickup  being  uncovered.  Pumpdown  of  the  system  (simulating  loss  of  trans¬ 
fer  fuel  in  the  aircraft)  eventually  caused  the  pickup  to  unprime.  The  pressure 
gage  did  not  react  as  quickly  as  the  sight  glass.  The  gage,  however,  served 
two  purposes.  It  provided  an  indication  of  the  exact  time  of  start  of  pump- 
down  because  the  pressure  drop  of  the  two  lines  was  different.  That  is, 
when  the  flow  was  diverted  from  swirl  generation  to  pumpdown  of  the  system 
the  change  was  registered  on  the  pressure  gage  as  a  decreased  pressure. 

The  gage  also  provided  a  measure  of  cavitation  since  the  pressure  output 
of  the  pump  is  a  function  of  the  vapor/liquid  ratio  entering  the  pump. 

5.  3.  3.  3  Flight  Test  Results 

The  flight  test  results  were  recorded  on  movie  film.  The  photographs  in 
Figures  71  through  91  are  enlargements  of  single  frames  selected  from  the 
flight  test  film. 
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5.  3.  3.  3.  1  Level  Flight,  -  Figures  71  through  74  illustrate  a  pumpdown  of 
the  tank  during  level  flight  to  provide  a  base  case  under  normal  operating 
conditions  of  one  g.  Note  that  the  accelerometer  situated  in  the  upper  right 
hand  corner  reads  one  g.  Figure  71  shows  the  balls  circulating  in  a  full  tank. 
The  plume  out  of  the  swirl  generating  nozzle  is  due  to  aeration  of  water  when 
the  air  valve  was  opened  to  allow  the  pump  to  suck  a  mixture  of  air  and  water. 
The  pressure  gage,  located  at  right  center,  reads  about  12  psi  indicating  full 
flow  through  the  nozzle.  Figure  72  shows  the  tank  approximately  half  full. 

The  pressure  gage  reads  about  8  psi  indicating  the  fluid  is  being  pumped  to 
the  reservoir  tank  in  the  baggage  compartment.  The  fluid  motion  has  slowed 
down.  In  Figure  73,  the  fuel  pickup  has  started  to  suck  a  mixture  of  air  and 
water.  Note  the  mottled  texture  due  to  the  bubbles  in  the  sight  glass  at  lower 
right.  In  Figure  74,  the  pickup  is  sucking  a  large  portion  of  air  and  the  pump 
output  has  dropped  to  approximately  3  psi. 

5.  3.  3.  3.  2  Zero  Gravity  With  No  Swirl.  -  Figures  7  5  through  80  were  taken 
from  a  sequence  of  tank  pumpdown,  without  swirl,  during  zero  gravity  as  a 
base  case  for  weightlessness.  In  Figure  75,  the  aircraft  is  pulling  out  of  a 
dive  prior  to  entering  zero  gravity  (the  accelerometer  reads  approximately 
1.  5  g).  In  Figure  76,  the  system  is  experiencing  zero  gravity  and  the  fluid 
has  started  to  migrate.  This  motion  continues  (Figures  77  and  78)  until  in 
Figure  79,  the  pickup  has  unported;  the  pressure  gage  reads  zero.  In 
Figure  80,  the  pressure  gage  indicates  about  9  psi,  probably  due  to  surge,  but 
the  sight  gage  is  mottled  indicating  air  in  the  line. 

5.  3.  3.  3.  3  Zero  Gravity  With  Swirl  Prior  to  Pumpdown.  -  Figures  81 
through  85  illustrate  operation  in  zero  gravity  with  initial  swirl.  Note  the 
fuel  pickup  is  positioned  nearly  horizontal  (Figure  81)  due  to  impingement  of 
the  swirling  fluid.  In  Figures  82  and  83,  air  is  being  introduced  into  the  swirl 
nozzle  to  help  identify  the  fluid  swirl  motion.  In  Figure  84,  pumpdown  has 
started  (note  the  pressure  gage  reading  of  approximately  8  psi).  In  Figure  85, 
the  fluid  has  become  randomly  oriented,  and  the  pump  pressure  has  dropped 
to  zero,  a  bubble  has  formed  against  the  wall  starting  at  the  nozzle  and  con¬ 
tinuing  around  the  tank. 

5.  3.  3.  3.  4  Zero  Gravity  With  Sustaining  Swirl.  -  Figures  86  through  89 
illustrate  the  effect  of  a  sustaining  swirl  during  pumpdown  of  the  tank  in  zero 
gravity.  The  aircraft  is  pulling  out  of  a  dive  in  Figure  86  (accelerometer 
reads  1.7  g).  In  Figure  87,  the  bubble  has  started  to  form  at  the  top  of  the 
tank;  the  pickup  has  risen  to  a  nearly  horizontal  position.  In  Figure  88,  the 
bubble  has  started  migrating  down  the  center  of  the  tank.  The  bubble  has 
moved  to  a  vertical  position  in  the  tank  in  Figure  89,  however,  it  still  main¬ 
tains  a  coherent  shape  indicating  the  sustaining  swirl  has  been  effective  in 
positioning  the  fluid. 

5.  3.  3.  3.  5  Dutch  Roll.  -  Figures  90  and  91  depict  operation  in  dutch  roll 
(simulating  lateral  gravity  forces). 

5.  3.  3.  4  Flight  Test  Conclusions 

The  flight  test  indicated  that  the  use  of  a  small  jet  of  circulation  sustaining 
flow  will  be  required  to  maintain  effective  fluid  rotation.  The  rotation  of  the 
fluid  in  the  tank  provided  a  means  of  energizing  the  fluid  near  the  walls  and 
formed  a  pressure  gradient  which  caused  the  less  dense  bubble  to  migrate 
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FLIGHT  TEST 

LEVEL  FLIGHT  WITH  SWIRL 

SWIRL  NOZZLE  OFF  DURING  PUMP  DOWN 
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FLIGHT  TEST 

ZERO  GRAVITY  WITH  NO  SWIRL 


FIGURE  76.  INITIAL  MIGRATION  OF  FLUID 


FIGURE  75.  PULLOUT  PRIOR  TO  WEIGHTLESSNESS 
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FIGURE  77.  CONTINUED  MIGRATION  OF  FLUID 


FIGURE  78.  CONTINUED  MIGRATION  OF  FLUID 
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FIGURE  79.  FUEL  PICKUP  UNPORTED 
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FIGURE  80.  AIR  IN  SIGHT  GLASS 
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FLIGHT  TEST 

ZERO  GRAVITY  WITH  SWIRL 

SWIRL  NOZZLE  OFF  DURING  PUMP  DOWN 


FIGURE  81.  INITIAL  ZERO  GRAVITY 


FIGURE  82.  SWIRL  JET  ON 
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FIGURE  85.  CAVITATION  OF  PUMP 


toward  the  center.  The  bubble  formed  initially  as  a  depression  in  the  fluid 
toward  the  top  of  the  tank  and  gradually  filled  the  center  as  the  tank  was  pumped 
down  with  sustaining  flow.  The  air  bubble  prefers  to  be  bound  to  the  wall  of 
the  tank  rather  than  free  floating  in  the  liquid,  because  the  wall-bound  state 
has  a  lower  potential  energy  and  is  therefore  the  more  stable  state.  (Ref  16, 
p.  397).  The  swirl  appears  to  be  more  effective  when  the  tank  is  full  before 
entering  zero  gravity  as  it  would  be  in  actual  flight.  The  pickup  followed  the 
fluid  and  positioned  itself  approximately  midtank  during  zero  gravity.  (The 
swirl  impingement  was  not  strong  enough  to  move  the  pickup  under  normal 
gravity  conditions.  ) 
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FLIGHT  TEST 

ZERO  GRAVITY  WITH  SWIRL 

SWIRL  NOZZLE  ON  DURING  PUMP  DOWN 
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FIGURE  88.  BUBBLE  MIGRATES  DOWN 


FIGURE  89.  COHERENT  VERTICAL  BUBBLE 
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b.  3.  3.  3.  5  Dutch  Roll 


Figures  90  and  91  depict  operation  in  dutch  roll  (simulating  lateral  g  forces) 


FLIGHT  TEST 

DUTCH  ROLL  WITH  SWIRL 


FIGURE  90.  FLUID  ACCELERATION  TO  RIGHT 


FIGURE  91.  FLUID  ACCELERATION  TO  LEFT 
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5.4  SUMMARY 

The  fuel  tank  sump,  consisting  of  fuel  circulation  system  and  a  flexible  hose 
type  fuel  pump  inlet  line,  has  undergone  a  series  of  development  tests  in  order 
to  verify  analysis  and  demonstrate  the  system  capabilities. 

The  swirl  testing  showed  that  the  theoretical  drag  must  be  increased  by  a 
correction  factor  in  ordei  to  be  compensated  for  losses  estimated  to  be  friction 
and  turning  losses  not  accounted  for  by  the  general  equations.  The  correction 
factor,  as  a  function  of  the  Reynolds  number  of  the  rotating  fuel,  is  presented 
in  Figure  54. 

Tests  were  conducted  with  a  centerbody  which  formed  an  annular  track  in 
which  the  fuel  could  circulate.  This  eliminated  the  slow  moving  center  fuel 
which  only  tended  to  dissipate  the  energy  of  the  circulating  fuel.  The 
peripheral  velocity  at  the  outside  wall  did  not  change,  however,  the  velocity 
at  the  inner  wall  increased  substantially. 

The  corner  radius  of  the  tank  has  a  strong  influence  on  the  resulting  velocity. 
The  best  configuration  was  a  full  radius.  As  the  corner  radius  was  decreased, 
the  velocity  fell  off  rapidly.  It  was  considered  that  at  a  radius  equal  to  one 
quarter  of  the  tank  width,  the  velocity  had  decayed  to  the  minimum  acceptable 
level. 

Flight  test  was  conducted  on  a  scale  model  of  the  sump  system  and  flown  in 
an  Aero  Commander  to  demonstrate  the  zero  gravity  conditions  in  the  tank 
with  and  without  the  swirl  jet  operating.  The  flight  test  demonstrated  that  it 
is  necessary  to  maintain  the  swirl  action  during  the  period  of  zero  gravity. 

The  flight  test  also  showed  that  the  flexible  inlet  tube  will  react  as  predicted  to 
follow  the  gravity  force,  thus  in  negative  gravity  the  pickup  will  move  to  the 
top  of  the  sump  as  does  the  fuel  and  continue  to  supply  fuel  to  the  ejector  pump. 
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SECTION  VI 


FLUIDIC  AMPLIFIER 


6.1  INTRODUCTION 

A  fluidic  amplifier  was  studied  as  a  possible  control  device  for  the  ejector 
pump  fuel  feed  system.  This  device  would  make  use  of  fluid  pressure(s)  to 
regulate  the  flow  and/or  pressure  output  of  the  jet  pump.  The  control  flow 
would  be  bled  from  the  ejector  pump  discharge  such  that  as  the  discharge 
pressure  increased  the  control  flow  would  increase  and  divert  a  portion  of 
the  ejector  nozzle  flow.  This  loss  in  nozzle  flow  would  in  turn  cut  back  the 
pump  discharge  pressure.  The  resulting  action  would  maintain  an  ejector 
pump  discharge  pressure  which  would  not  exceed  a  desired  maximum.  This 
device  would  have  high  reliability  in  consonance  with  the  design  philosophy  of 
no  moving  parts. 

6.2  DESIGN 


The  fluidic  amplifier  shown  in  Figure  92  was  designed  as  a  proportional  flow 
divider  device.  The  power  supply  flow  was  introduced  through  a  nozzle  into 
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FIGURE  92.  FLUIDIC  AMPLIFIER 
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the  amplifier  such  that  it  would  pass  through  a  cavity.  A  receiver  opening 
with  a  downstream  diffuser  was  located  in  the  cavity  downstream  of  the 
nozzle  and  collinear  with  it.  Control  flow  was  introduced  into  the  same 
cavity  at  a  90°  angle  to  the  power  supply  flow.  The  momentum  of  the  control 
flow  was  used  to  deflect  the  power  supply  flow  as  it  passed  from  the  nozzle 
exit  to  the  receiver.  This  deflection  resulted  in  both  pressure  and  flow 
losses;  the  diverted  flow  was  vented  from  the  cavity  into  a  catch  tank.  The 
larger  the  control  flow  the  more  the  deflection  of  the  main  power  flow. 

To  facilitate  parametric  studies,  the  amplifier  was  designed  with  a  movable 
receiver  to  vary  the  power  nozzle  to  receiver  spacing.  A  series  of  runs 
were  made  with  different  nozzle  spacing  and  varying  receiver  diameters.  The 
power  supply  was  set  at  a  given  pressure  and  control  flow  varied.  Amplifier 
output  flow  and  pressure  were  recorded  with  varying  control  flow.  The  test 
setup  shown  schematically  in  Figure  93. 


FIGURE  93.  SCHEMATIC  OF  TEST  SETUP  FOR  FLUIDIC  AMPLIFIER 


6.3  TEST  RESULTS 

Figures  94  and  95  present  amplifier  efficiency  as  a  function  of  power  loss 
versus  pressure  recovery  across  the  amplifier  with  no  control  applied.  The 
lower  nozzle  spacing  (s  =  0.25)  resulted  in  significantly  higher  efficiencies  as 
did  increasing  power  supply  pressure.  The  peak  efficiency  tended  to  occur  at 
higher  pressure  ratios  as  spacing  was  decreased  and  supply  pressure  was 
increased.  Increasing  the  receiver  diameter  resulted  in  lower  peak  efficien¬ 
cies  at  lower  pressure  recovery  ratios. 
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PRESSURE  RECOVERY  RATIO, 


Figures  96  through  99  illustrate  the  effect  of  control  flow  on  amplifier  per 
formance.  The  control  flow  is  not  effective  at  low  pressure  recovery  rati 
the  best  results  occurring  with  high  control  flow,  low  receiver  diameter  a 
large  spacing.  The  parametric  pressure  recivery  ratio  is  not  graphed 
beyond  tha  approximate  peak  efficiency  point. 
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FIGURE  98.  FLUIDIC  AMPLIFIER  PERFORMANCE 
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FIGURE  99.  FLUIDIC  AMPLIFIER  PERFORMANCE 


6.4  SUMMARY 

The  fluidic  amplifier  will  require  additional  development.  The  model  which 
was  tested  did  not  prove  satisfactory  as  a  power  reducer  for  nozzle  flow,  as  a 
a  function  of  control  pressure. 

The  amplifier  exhibited  a  characteristic  high  flow  loss  at  all  times  as  shown 
by  its  maximum  efficiency  of  57  percent.  It  was  found  that  the  fluidic  amplifier 
was  not  required  for  the  ejector  pump  and  therefore  additional  testing  and 
development  was  discontinued. 


SECTION  VII 


EVALUATION  OF  EXISTING  ENGINE  FUEL  PUMPS 


7.1  INTRODUCTION 

The  ejector  pump  engine  fuel  feed  system  is  being  developed  for  possible  use 
in  connection  with  the  F-4,  A-5,  or  F-lll  aircraft.  The  F-4  and  A-5  both 
use  the  J79  engine  and  the  F-lll  uses  the  TF30  engine.  To  evaluate  the  use 
of  an  ejector  system  in  these  aircraft  it  must  be  determined  if  the  fuel  pumps, 
on  either  engine,  have  enough  excess  fuel  to  allow  for  bleedoff  to  operate  the 
ejector  pump. 

7.2  J79  ENGINE 

The  J79  engine  fuel  system  is  so  arranged  that  the  fuel  from  the  aircraft 
enters  on  a  single  line,  divides  and  flows  to  the  inlet  of  the  main  engine 
pump  and  the  afterburner  fuel  pump.  The  main  engine  pump  has  two  stages, 
a  centrifugal  boost  stage  and  a  high  pressure  gear  stage.  The  afterburner 
pump  is  a  high  speed  centrifugal  pump.  The  system  as  developed  for  this 
contract  would  take  fuel  from  the  high  pressure  stage  of  the  main  pump  for 
the  primary  stage  of  the  ejector  and  would  take  fuel  from  the  afterburner 
pump  for  the  secondary  stage. 

7.2.1  Primary  Stage 


Based  on  the  performance  of  the  final  ejector  pumps  tested  for  this  contract, 
a  pump  can  be  scaled  down  to  match  the  temperature  and  flow  requirements 
in  accordance  with  MIL-F-17874  for  the  F-4  aircraft  using  J79-GE-10  engine. 
It  is  estimated  that  the  motive  flow  required  for  the  primary  stage  of  the 
ejector  pump  would  be  approximately  8,200  pounds  per  hour  at  a  pressure  of 
500  psi.  Figure  100  shows  the  fuel  requirement  for  the  engine  and  also  the 
estimated  main  engine  pump  output  for  a  worn  pump,  as  obtained  from  the 
test  data  of  reference  17.  The  difference  between  the  two  curves  is  the  fuel 
available  for  bleed  to  use  as  motive  fuel.  The  curve  shows  11,400  pounds 
per  hour  available  at  military  power.  This  number  must  be  reduced  by  the 
amount  of  fuel  consumed  during  transient  conditions  such  as  adjustment  of 
the  inlet  guide  vanes  or  afterburner  signal  which  total  6,400  pounds  per  hour. 
This  means  that  there  is  sufficient  fuel  for  operating  of  the  ejector  pump 
during  normal  conditions  but  not  enough  during  the  transient  conditions. 

To  fully  satisfy  the  ejector  and  engine,  the  engine  pump  output  would  have  to 
be  increased  by  approximately  3200  lb  per  hour  or  12.5  percent. 

7.2.2  Secondary  Stage 

The  estimated  flow  required  for  the  secondary  stage  would  be  a  total  of 
16,000  pounds  per  hour  at  a  pressure  of  150-200  psi.  Thus  the  required 
bleed  from  the  afterburner  pump  would  amount  to  approximately  8,000 
pounds  per  hour.  The  afterburner  pump  normally  does  not  have  excess  fuel 
available. 
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FIGURE  100.  J79  MAIN  ENGINE  FUEL  PUMP  FLOW  AT  SEA  LEVEL 
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Figure  101  shows  the  pump  output  performance  curve  which  is  extrapolated 
beyond  the  point  which  has  been  previously  tested  and  reported  in  Reference 
18  for  a  used  pump.  The  extrapolation  was  done  at  a  constant  horsepower 
available  at  the  inlet  to  the  pump,  which  should  be  conservative.  The  flow  is 
marginal  and  as  a  result  the  maximum  afterburner  performance  may  not  be 
obtainable  when  using  an  existing  afterburner  fuel  pump  currently  used  on  the 
J79  engine.  To  fully  satisfyfuel  flow  requirements,  the  capacity  of  the  pump 
needs  to  be  increased  by  8,000  pounds  per  hour  or  12  percent. 

7.3  TF  30  ENGINE 

The  main  engine  pump  consists  of  a  positive  displacement  gear  stage  with  a 
boost  impeller  stage.  The  afterburner  pump  is  a  high  speed  centrifugal  pump 
with  an  integral  turbine  driven  inducer.  The  ejector  motive  fuel  would  be 
taken  from  the  high  pressure  discharge  from  each  of  these  pumps. 


FIGURE  101.  J79  AFTERBURNER  FUEL  PUMP  PERFORMANCE 


7.3.1  Primary  Stage 


It  has  been  assumed  that  the  flow  requirements  as  specified  in  this  contract 
are  intended  for  use  with  the  F-lll.  Based  on  the  test  work  done,  the  motive 
flow  requirements  for  the  two  engine  military  power  conditions  is  equal  to 
12,900  pounds  per  hour.  Figure  102  shows  the  main  engine  pump  output  as 
recorded  in  Reference  19  and  shows  the  excess  fuel  at  sea  level  military 
power  at  M  =  1 . 0  to  be  7,600  pounds  per  hour.  This  is  not  enough  to  satisfy 
the  ejector  pump  requirements  plus  any  transient  fuel  flows  which  the  engine 
may  require.  These  transients  are  unknown  at  this  time,  due  to  the  confi¬ 
dential  status  of  the  engine.  The  pump  capacity  must  be  increased  by  at 
least  6,000  pounds  per  hour  or  34  percent. 

7.3.2  Secondary  Stage 

The  secondary  stage  motive  flow  requirements  on  the  ejector  which  was 
tested  is  approximately  31,  200  pounds  per  hour.  Figure  103  is  plotted  from 
data  listed  in  Reference  20  and  then  extrapolated  out.  At  the  point  where  the 
flow  curve  crosses  the  minimum  pressure  curve,  there  is  only  a  flow  of 
approximately  13,600  pounds  per  hour  which  could  be  made  available  for 
ejector  use.  This  means  that  an  additional  17,  600  pounds  per  hour  of  fuel 
must  be  made  available  for  ejector  operation.  This  is  an  increase  of  approx¬ 
imately  27  percent. 

7.4  SUMMARY 

The  main  engine  fuel  pump,  on  most  engines,  has  a  capacity  beyond  the  engine 
requirements.  This  is  not  a  specific  amount  and  varies  from  one  engine  to 
the  next.  In  order  to  bleedoff  fuel  for  ejector  fuel  booster  pump  use,  the  size 
of  the  pumps  needs  to  be  increased.  In  the  case  of  the  J79  engine,  the 
increase  12.5  percent  whereas  the  TF-30  engine  requires  a  34  percent 
increase.  This  difference  is  attributed  to  the  fuel  temperature  assigned  to 
the  requirements.  For  the  F-4  (J79)  case  the  temperature  was  assigned  to 
be  +135°F  at  the  engine  inlet  whereas  for  the  F-lll  (TF30)  the  temperature 
of  +200°F,  as  specified  in  this  contract,  was  used.  On  the  TF30,  if  the 
temperature  where  reduced  to  +135°F,  the  required  increase  would  be  reduced 
to  approximately  10  percent. 

xh«-  afterburner  pumps  are  used  up  to  their  peak  output  and  have  very  little 
excess,  thus  any  bleed  fuel  taken  must  result  in  an  increase  in  pump  size. 

The  temperature  is  the  same  as  listed  for  the  main  engine  fuel  pump.  The 
increase  for  the  TF30  engine  could  be  cut  to  approximately  a  10  to  12  percent 
increase . 


140 


PRESSURE  RISE  (PSI) 


SECTION  VIII 

QUANTITATIVE  TRADEOFF  ANALYSIS 


This  section  presents  a  tradeoff  analysis  method  which  could  be  used  in  deter¬ 
mining  the  penalty  differential  associated  with  an  ejector  pump  fuel  feed  system 
when  compared  with  a  conventional  fuel  feed  system.  Such  a  tradeoff  analysis 
would  provide  a  quantitative  basis  for  selection  of  a  system,  and  would  be, 
perferably,  expressed  as  a  total  system  cost  differential  as  discussed  below. 

The  ejector  pump  fuel  subsystem  is  below  the  third  functional  level  (DOD 
Directive  3200.9);  hence  interdependence  between  this  subsystem  and  another 
is  either  nonexistent  or  of  little  impact.  Another  characteristic  is  that  the 
tradeoffs,  or  selection  of  an  ejector  pump  system  over  a  mechanically  driven 
pump  system,  have  virtually  no  influence  on  aircraft  productivity  during  an 
emergency  deployment.  Therefore,  the  basis  for  evaluating  trades  can  be 
either  the  total  cost  differential  as  determined  by  examining  the  expected 
total  peacetime  costs ,  or  a  user's  cost,  for  a  ten-year  period  of  aircraft 
operation.  The  total  cost  method  is  preferable  to  the  user  cost  method  as  the 
latter  does  not  consider  cost  differentials  in  design,  development,  or  produc¬ 
tion. 

The  first  step  in  analyzing  an  alternative  is  to  select  a  base  case  and  then 
determine  the  deviation  (AW)  caused  in  the  cost  weight  (where  cost  weight  is 
the  manufacturer's  weight  empty  less  weight  of  engine  and  rolling  assembly). 
The  weight  differential  may  be  positive,  negative,  or  zero.  If  the  deviation 
is  not  zero  there  will  be  an  associated  change  in  the  baseline  payload  range. 

Utilizing  the  concept  of  a  fixed  payload  range  for  an  aircraft  in  its  design 
stage,  the  aircraft  is  restored  to  its  baseline  payload  range  through  an 
incremental  change  in  wing  area  (AS^).  Now  the  change  in  wing  area  will 

itself  cause  a  change  in  cost  weight.  Therefore  the  change  AS.^  is  made 

sufficiently  large  to  account  for  both  the  incremental  wing  weight  and  the 
incremental  weight  associated  with  the  trade  element  itself.  The  net  change 
in  cost  weight  represents  a  change  in  manufacturer's  weight  empty  and  is 
designated  AMWE.  Parenthetically,  a  ratio  of  1.625  pounds  of  AMWE  to  1 
pound  of  subsystem  weight  was  the  ratio  used  by  Douglas  in  the  C-5A  design 
effort. 

The  wing  area  differential  (AS^)  causes  a  change  in  the  fuel  burn  rate.  The 

magnitude  of  this  change  is  calculated  as  the  difference  between  the  fuel  burn 
rates  associated  with  the  baseline  configuration  and  the  trade  modified  con¬ 
figuration.  An  additional  increment  for  the  fuel  burn  rate  is  necessitated,  of 
course,  by  the  specific  requirements  of  the  ejector  pump  fuel  system  under 
consideration.  The  resultant  change  in  fuel  burned  rate  generates  a  A  change 
in  the  baseline  total  system  cost,  which  represents  the  cost  differential  due 
to  the  fuel  burn  rate. 


For  the  difference  in  Design,  Development,  Test  and  Evaluation  effort  required 
there  are  A  costs. 


Similarly,  A  costs  are  associated  with  A  changes  in  reliability  which  in  turn 
affect  maintenance  manhours  per  flight  hour  and  spares  provisioning  and 
usage  requirements.  The  cost  differential  associated  with  maintenance  man¬ 
hours  is  related  to  the  total  flying  hours  during  a  ten-year  period  based  on  a 
fleet  of  aircraft, flying  a  programmed  number  of  flying  hours  per  aircraft  per 
day. 

The  individual  A  costs  (which  may  be  positive  or  negative)  are  then  summed 
to  give  the  total  cost  differential  for  the  trade  alternative  and  provides  a 
quantitative  basis  for  comparing  alternatives.  The  cost  difference  compu¬ 
tation  is  then  the  sum  of 

A  DDT&E  cost 

A  Production  cost  (total  fleet) 

A  Weight  cost  (including  fuel  differential) 

A  MMH/FH  cost 
A  Spare  parts  cost 

The  preceding  cost  elements  must  consider  a  full  operating  cycle  (generally 
ten  years)  for  a  full  fleet  of  aircraft,  flying  at  a  specified  number  of  hours 
per  aircraft  per  year  for  each  year  of  the  life  cycle. 

In  instances  where  existing  aircraft  are  to  be  modified,  there  is  the  necessity 
to  determine  the  change  in  the  payload  range  curve  and  the  difference  in 
mission  effectiveness.  With  procurement  quantities  already  fixed,  it  appears 
unlikely  that  significant  impact  will  result  in  mission  effectiveness  (other  than 
maintenance  costs  which  are  treated  separately). 

The  user  cost  method  comprises  only  the  differentials  in  operating  cost,  plus 
a  specified  cost  for  aircraft  downtime  due  to  unscheduled  maintenance.  First, 
a  cost  per  occurrence  is  determined  for  each  unscheduled  maintenance  action. 

A  lambda  value  (reciprocal  of  mean  time  between  unscheduled  removal  MTBUR) 
is  multiplied  by  the  sum  of  the  aircraft  down  time  cost  plus  the  labor  cost  and 
then  multiplied  by  the  number  of  flying  hours  per  aircraft  in  a  ten-year  period. 
To  this  is  added  the  costs  of  scheduled  maintenance,  deferred  maintenance, 
and  spares.  Additionally,  the  cost  of  incremental  fuel  consumption  is  also 
included.  Comparisons  are  then  made  of  the  total  user's  costs. 
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SECTION  IX 

CONCLUSIONS  AND  RECOMMENDATIONS 


9.  1  CONCLUSIONS 

The  overall  objective  of  this  program  has  been  to  develop  an  ejector  pump 
engine  fuel  feed  system  for  aircraft  with  an  afterburning  mode  of  operation, 
such  as  the  F-4,  A-5,  or  the  F - 1 1 1 .  It  is  concluded  that  such  an  ejectorpump 
engine  fuel  feed  system  for  supplying  both  main  engine  and  afterburner  fuel 
quantities  is  feasible.  The  system  that  has  been  developed  in  this  program 
complies  with  all  contractual  requirements. 

9.1.1  Ejector  Pumps 

The  ejector  pump  is  a  dual  operation  pump  with  two  concentric  nozzles.  For 
main  engine  operation,  the  small  nozzle  is  used  with  an  area  ratio  of  0.016. 

For  afterburner  flow  rates,  the  second  nozzle  is  used  with  an  area  ratio  of 
0.04.  The  nrea  ratio  of  an  ejector  pump  is  the  means  of  expressing  the  per¬ 
formance  characteristic  of  the  given  pump. 

Sufficient  development  testing  has  been  conducted  to  determine  that  the  ejector 
pump  can  be  sized  by  using  established  performance  equations  from  reference 
1  except  that  throat  and  diffuser  loss  coefficient  of  approximately  0.6  must 

be  used!  =0.1  and  =  0  may  be  used.  These  equations  are  noted  in 

Section  4.2.1  as  equations  (1),  (2),  (3),  and  (4)  and  also  equation  (8)  as  shown 
in  section  4. 2. 3. 3.  In  equation  (8)  Y  =  0.7Pq  may  be  used  for  all  conditions 

except  for  hot  fuel  above  +135  F  in  which  case  Y  =  0. 5P  should  be  used. 

o 

It  was  found  that  ejector  pump  nozzle  pressures  up  to  500  psi  were  acceptable. 
The  high  pressure  is  required  to  provide  a  relatively  high  ejector  pump  dis¬ 
charge  pressure,  however  a  low  area  ratio  must  be  used  to  reduce  the  onset 
of  flow  limitation  (cavitation).  Nozzle  pressures  above  500  psi  were  not 
tested  as  it  appeared  that  the  engine  fuel  system  of  existing  engines  normally 
operates  with  500  psi  pump  discharge  pressure.  There  appeared,  from  test¬ 
ing,  to  be  no  reason  to  believe  that  higher  pressures  would  cause  any  problems. 
From  the  testing  done,  there  did  not  appear  to  be  any  limit  to  the  total  amount 
of  fuel  being  pumped  as  long  as  there  was  sufficient  motive  fuel  available. 

The  analytical  equations  appear  to  work  for  any  flow  range. 

9.1.2  Fuel  Tank  Sump 

Located  in  the  sump  area  of  the  main  tank  is  a  flexible  hose  fuel  pickup  which 
will  pick  up  fuel  from  the  bottom  of  the  sump  during  normal  flight  conditions. 
Under  negative  gravity  condition:',  the  end  of  the  pickup  will  move  up  to  the 
top  of  the  sump  and  thus  follow  the  fuel.  The  fuel  in  the  sump  will  be  circu¬ 
lated  by  means  of  a  swirl  jet  of  fuel  introduced  parallel  to  the  tank  wall.  This 
swirl  jet  will  provide  fluid  angular  rotation  sufficient  to  cause  a  normal  force 
to  keep  the  fuel  at  the  tank  wall  during  conditions  of  zero  vertical  gravity 
condition . 
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A  normal  force  of  1  g  appeared  to  be  a  good  value  as  it  required  only  30 
seconds  to  acquire  the  required  speed. 

A  flight  test  was  conducted  of  the  sump  system  including  the  swirl  jet  and  the 
flexible  pickup.  The  test  tank  was  scaled  down  to  fit  the  cabin  of  an  Aero 
Commander.  In-flight  motion  pictures  were  taken  during  normal  flight  and 
zero  gravity  flight  condition.  The  flight  test  showed  that  fuel  is  completely 
disoriented  during  zero  gravity  conditions.  The  swirl  system  does  maintain 
the  fuel  orientation  such  as  to  keep  the  fuel  at  the  tank  wall.  The  flight  tests 
showed  a  need  for  sustaining  the  swirl  during  the  zero  gravity  condition  to 
prevent  the  rapid  decay  of  the  centrifugal  force.  The  tank  sump  should  have 
corner  baffles  to  aid  in  the  reduction  of  fluid  drag.  This  radius  should  be  at 
least  equal  to  one  forth  of  the  tank  width. 


9.1.3  Fluidic  Amplifier 

The  ejector  pump  system,  as  developed,  does  not  require  the  fluidic  amplifier 
to  limit  the  maximum  pressure  at  the  engine  to  30  psi. 

The  fluidic  amplifier,  as  studied,  did  not  produce  satisfactory  results,  how¬ 
ever  the  trend  indicated  that  a  fluidic  device  of  this  type  could  be  developed 
to  produce  satisfactory  reduction  in  pressure,  if  needed. 

9.1.4  Engine  Fuel  Pumps 


Fuel  pumps  of  the  J79  and  the  TF30  engine  were  studied  for  available  fuel 
for  ejector  operation.  The  main  engine  pumps  do  have  some  excess  fuel, 
however  the  amount  appears  to  be  marginal,  when  considering  transient 
operations.  The  afterburner  pumps  do  not  have  excess  fuel  and  therefore 
would  require  an  increase  in  size. 

9.2  RECOMMENDATIONS 

The  ejector  pump  engine  fuel  feed  system  has  progressed  to  a  state  of  develop¬ 
ment  such  that  the  nex!  -<hase  should  be  a  full  scale  flight  test. 

The  flight  test  should  be  conducted  in  an  aircraft  capable  of  high  altitude  and 
high  speed,  and  one  that  utilizes  an  afterburning  engine.  A  suggested  air¬ 
craft  for  the  program  would  be  an  F-4B. 

The  system  which  would  be  flight  tested  would  consist  of  a  concentric  nozzle 
dual  operation  ejector,  a  swirl  system  in  the  main  fuel  tank,  and  a  flexible 
fuel  pickup  within  the  main  fuel  tank. 

It  is  recommended  that  existing  engine  pumps  be  used  in  the  flight  testing 
even  though  maximum  aircraft  performance  might  be  limited.  It  is  also 
recommended  that  a  trade  study  be  coducted  to  determine  the  differential 
between  an  ejector  pump  engine  fuel  feed  system  and  a  conventional  fuel  feed 
system  on  the  basis  of  total  system  cost. 
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